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Carbon nanomaterials, including carbon nanotubes (CNTs) and graphene, are exciting materials 
that have been the focus of research in recent years. They have unique physical and chemical 
properties such as high carrier mobility, high surface-to-volume ratio, and robustness, and are 
thus considered to be ideal candidates to interact with biological systems. However, the pristine 
carbon nanomaterials usually suffer from the lack of solubility in aqueous systems. Furthermore, 
these materials are extremely sensitive to any change in their immediate environment, so it is 
necessary to decorate these materials with receptor molecules to provide specificity. Therefore 
the chemical functionalizations of carbon nanomaterials are important before such materials can 
be incorporated into biosensing devices. There are commonly two approaches of functionalizing 
carbon nanomaterials, namely covalent and noncovalent methods. Covalent functionalization can 
provide robust chemical groups onto the surface of carbon nanomaterials. However, this method 
may disrupt the sp
2
 structure of carbon nanomaterials and affect the electronic properties of these 
materials. Noncovalent functionalization can bring the desired functionalization while 
maintaining the intrinsic electronic properties intact, but leaching of the absorbed materials may 
be a problem.  
In this dissertation, both methods have been used to functionalize carbon nanomaterials 
towards biosensors. Using noncovalent functionalization scheme, we built two sensing 
platforms. We used epigallocatechin gallate (EGCG) to noncovalently attach to the surface of 
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 v 
single-walled carbon nanotubes (SWNT) and fabricated a resistor-based sensor for hydrogen 
peroxide. Using porphyrin-based glycoconjugate, we explored the sensitivity of 
SWNT/glycoconjugate composites towards lectins. Lectins are sugar-binding proteins that exist 
on the surface of bacteria. Sensing of lectins may lead to the development of bacteria detectors. 
Furthermore, to explore an optimized system for lectin sensing, we used SWNTs and graphene, 
as well as different glycoconjugates. It was found out that SWNTs performed better than 
chemically converted graphene (CCG). Although CCG was not suitable for sensing of lectins 
using noncovalent functionalization, holey reduced graphene oxide (hRGO), with its 
interconnected graphene nanoribbon structure and abundant oxygen-containing groups, may be a 
good platform for biosensing. The functionalization of these groups with antimicrobial peptide 
can provide specificity to certain bacteria, towards the fabrication of a bacteria detector.  
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 1 
1.0  INTRODUCTION 
1.1 BIOSENSORS 
Biosensors are analytical tools commonly used to detect biological species, including but not 
limited to, proteins, DNA, antibodies, and even whole cells.
1
 The role of biosensors is to 
transduce biological processes, such as antibody/antigen interactions, DNA hybridization, or 
even biochemical reactions, into measurable signals. The concept of biosensor was first 
introduced by Leland C. Clark.
2
 In 1962 he developed an electrochemical biosensor for glucose 
based on the oxidation of glucose to gluconic acid catalyzed by glucose oxidase (GOD). Since 
then, researchers in different fields (chemistry, physical, engineering, etc.) have been working on 
the development and improvement of biosensors.  
Biosensors are usually comprised of biological detectors (or receptors), transducers and 
signal processors
1,3
 (Figure 1-1). Biomolecules like proteins, enzymes, antibodies, nucleic acids 
or even whole cells can be used as biological detectors (receptors). These detectors should have 
high specificity for the target analytes in complex biological environment. When coupled with 
transducer, the receptor can generate electrical or optical signals that are proportional to the 
analyte concentration.  
 2 
 
Figure 1-1. Schematic diagram showing the basic components of a biosensor 
 
The existing biosensors include electronic, electrochemical, optical, and thermal sensors.
1
 
Electronic and electrochemical transducers are based on the current, potential or conductance. 
4
 
Optical sensors transduce the change in absorbance, emission or resonance.
5
 Thermal sensors are 
based on the heat change in the reactions.
6
 There is also the relatively newly developed 
piezoelectric sensors, which are based on the generation of electric current from vibrating 
crystals by small change in the mass of biomolecule adsorbed on the substrate surface.
7
 Among 
these techniques, electronic sensors have the advantages of low-cost, high sensitivity and easy 
operation.  
Biosensors have been used in the fields of medical diagnostics,
8
 food safety,
9
 
environmental monitoring
10
 and biological warfare
11
. Researchers are still searching for more 
robust, reliable, and simple-to-operate biosensors with high sensitivity and selectivity.  Recently, 
a new trend of using nanomaterials in biosensors has developed. Nanowires, nanoparticles, 
quantum dots, and carbon nanomaterials have been used for biosensor applications.
12, 13
 The 
exploration of such materials may lead to sensors with better selectivity, sensitivity, and longer 
operational lifetime.
13
  
Signal 
Processor
Recording 
Device
Receptor
Transducer
Analytes
 3 
1.2 CARBON NANOMATERIALS AND THEIR APPLICATIONS 
Carbon nanomaterials mainly include fullerenes, single-walled carbon nanotubes, multi-walled 
carbon nanotubes, and graphene. They are comprised of sp
2
 hybridized carbon atoms and can be 
conceptually visualized as graphene sheet derivatives. Since their discovery, carbon 
nanomaterials have attracted a lot of attention from researchers all over the world. Their unique 
properties and versatile chemistry have opened the paths towards various applications. In the 
work of this dissertation, single-walled carbon nanotubes (SWNTs) and graphene (including its 
derivatives) have been used for the development of biosensing platforms.  
1.2.1 Carbon nanotubes and graphene 
An article published in the Soviet Journal of Physical Chemistry in 1952 first described the 
observation of 50 nanometer diameter tubes made of carbon.
14
 However, this finding was largely 
unnoticed, since the article was in the Russian language and was published during the Cold War. 
Most academic and popular literatures still state that carbon nanotubes were first discovered by 
Iijima in 1991
15
 and he observed multi-walled carbon nanotubes (MWNTs). Two years later, 
Iijima and Ichihashi of NEC and Bethune and colleagues of the IBM Almaden Research Center 
in California synthesized single-walled carbon nanotubes (SWNTs).
16
 Synthesis of SWNTs can 
be achieved by several methods including arc discharge, laser ablation, high-pressure carbon 
monoxide (HiPco), chemical vapor deposition (CVD).
17
 Large quantities of carbon nanotubes 
can be synthesized by these well-developed methods and they are already commercially 
available.   
 4 
Single-walled carbon nanotubes contain only one carbon wall and are one-dimensional 
(1-D) nanomaterials. They can be visualized as an atomically thin layer of sp
2
 hybridized carbon, 
rolled up into a cylinder along an (n, m) lattice vector in the graphene plane (Figure 1-2). The 
(n,m) indices determine the diameter, chirality and electronic properties of each SWNT. If m=0, 
the nanotubes are called “zigzag”. If n=m, “armchair”. If |n-m|=3q, where q is an integer, the 
SWNTs are metallic, otherwise they are semiconducting. 
18
 
SWNTs have diameters of about 0.4 to 2.0 nanometers and lengths ranging from several 
hundred of nanometers up to micrometers.
19
 SWNTs have an extraordinarily large percentage of 
surface atoms, and they are very sensitive to the immediate change in their environment. As a 
result, they are the ideal materials to transduce biological processes into detectable signals. 
However, pristine SWNTs are highly hydrophobic and not soluble in aqueous solution, which 
limited their applications in biological field.  
Graphene is a single-layer sheet of sp
2
-bonded carbon atoms arranged in a honeycomb 
lattice (Figure 1-2, a). Ever since the first isolation of free-standing graphene sheets in 2004,
20
 
their fascinating properties, such as high specific surface area, electronic conductivity, and 
exceptional mechanical strength, have attracted the attention of the scientific community. 
21
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Figure 1-2. (a) Conceptual analogy of carbon nanotube (CNT) formation by “rolling up” of a single  
sheet of graphene and (b) graphene sheet demonstrating “roll-up” vectors (n, m).18 
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Graphene can be obtained by several methods. A single-layer graphene (SLG) was first 
obtained by mechanical cleavage of graphite.
20
 The pristine single-layer graphene is a semi-
metal with zero bandgap. However, mechanical exfoliation is low in throughput and the obtained 
graphene size is small. Graphene can also be chemically synthesized by exfoliating graphite 
through oxidation to yield graphite oxide, and this material is then sonicated to produce graphene 
oxide (GO). Graphene oxide can be subsequently reduced to produce reduced graphene oxide 
(RGO) (a. k. a. chemically converted graphene (CCG)). 
22
 This method provides a path for low-
cost mass production of graphene. The GO can be reduced by chemical method (hydrazine 
method), thermal reduction, photothermal reduction, or electrochemical reduction.
23
 It must be 
kept in mind that the RGO obtained by chemical method can be different from the SLG due to 
the defects in sp
2
 carbon lattice and the oxygenated groups caused by oxidation for chemical 
exfoliation of graphene oxide from graphite. Chemical vapor deposition (CVD) method has also 
been extensively explored for the growth of graphene film on transition metal substrates.
24
 CVD 
growth can produce large-size graphene for device fabrication and the shape of the film can be 
controlled. Another advantage is that it allows the in-situ doping of heteroatoms into the carbon 
lattice and the electronic property of the graphene film can be tuned. However, this method may 
suffer from the existence of defects, impurities and post-CVD transfer of the graphene film.
23
  
GO and RGO have been used for biological applications like biosensing as well as 
delivery platforms to deliver drug molecules and DNAs.
25
 Several types of biosensors have been 
developed, including fluorescence resonance energy transfer (FRET) based biosensors, field-
effect transistor (FET) based biosensors.
23
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1.2.2 Methods of Chemical Functionalization – Noncovalent and Covalent  
Covalent functionalization is robust and versatile, and it has been used to functionalize SWNTs 
for biosensing and drug delivery.
26
 One of the most commonly used covalent functionalizations 
of SWNTs utilizes the carboxylic groups (-COOH) on SWNT sidewalls and ends. The as-
produced SWNTs have a small number of carboxylic groups, and –COOH can be additionally 
introduced by strong acids oxidation.
26, 27
 Further introduction of functional groups can be 
achieved by converting the –COOH to acyl chlorides, following by the direct formation of amide 
bonds or adding a diamine linker.
26, 27
 Carbodiimide activated amidation of amino group-
containing molecules with the carboxylic groups on CNTs has also been used as an effective 
method for functionalization.
28
 Oxidized SWNTs can also react with azido-group-containing 
molecules through Staudinger coupling.
29
 Azomethine ylide derivatives have been used to 
functionalize SWNT through 1,3-dipolar cycloaddition.
26, 27
 Diazonium reaction has also shown 
successful chemical functionalization of SWNTs.
26
 (Figure 1-3 a) 
GO has abundant functional groups like carboxyl, epoxy and hydroxyl groups that allow 
further functionalization through reaction including amide formation or amine-epoxy reaction.
30
 
However, the presence of the oxygen-containing groups on the basal plane of graphene disrupts 
the π-conjugation and affects the conductivity of graphene. (Figure 1-3 b) 
 8 
  
Figure 1-3. (a) Covalent functionalization schemes of CNTs using amidation or azomethine ylide 
cycloaddition
27
; (b) Schematic showing various covalent functionalization chemistry of graphene or GO.
30
 
  
a) 
b) 
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Despite versatile synthetic opportunities, covalent functionalization methods have certain 
limitations for biosensor development. Covalent functionalization may disrupt the graphitic 
structure of SWNT or graphene and affect the intrinsic electronic properties of the nanomaterials. 
Therefore, noncovalent functionalization is considered as a simple and effective alternative to the 
covalent methods. Various molecules can be used to noncovalently functionalize SWNTs and 
graphene via hydrophobic binding or π-π stacking interactions. The advantage of noncovalent 
functionalization is that it does not create defects on the SWNT or graphene surface and thus 
preserve their intrinsic electronic properties. Pyrene or porphyrin derivatives have strong affinity 
to the sidewalls of the SWNT or the graphene surface through π-π stacking by the aromatic 
moieties (Figure 1-4, a).
31
 Surfactants and supermolecular wrapping by polymers are also 
commonly used for SWNT noncovalent functionalization.
19,32
 Graphene can also be 
functionalized by small molecules or polymers (Figure 1-4, b). 
30
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Figure 1-4. Noncovalent functionalization schemes for (a) SWNT 
31
 and (b) graphene 
30
 
 
a) 
b) 
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1.2.3 The Applications of Carbon Nanomaterials in Biosensors 
Because of their extremely small sizes and unique electronic properties, SWNTs are of great 
interests for the development of resistor- and field-effect-transistor-based biosensors. Dekker
33
 
and Avouris
34
 were first to demonstrate that semiconducting SWNTs can be configured into 
field-effect transistor (FET) devices. SWNTs demonstrate p-type semiconducting FET 
characteristics and are very sensitive to changes in their environment. Proximity of charged or 
polarized biomolecules can cause a gating effect on isolated semiconducting or networks of 
SWNTs. When decorated with proper detection probes, SWNT FET can be used to detect 
proteins, DNA molecules or enzymes.
4b
 Figure 1-5a shows the schematic illustration of a 
SWNT-FET biosensor. 
4b
 
Electrochemical biosensors based on SWNTs have also been intensively studied. SWNT 
can transduce and amplify the electron transfer in the biological process and thus considered an 
ideal material for working electrodes.  SWNTs can be deposited randomly onto conductive 
surfaces in a mat configuration.
35
 Also, SWNTs forests formed by shortened SWNTs organized 
vertically have also been used for sensor development.
36
  Reports on successfully using SWNTs 
for electrochemical biosensors demonstrate detection of glucose
37
, DNA hybridization
38
, and 
specific protein binding
35
.  
Optical biosensors based on SWNTs are also an intensively studied topic. SWNT band 
gap fluorescence has been used for NIR-imaging in biological systems.
39 
SWNTs can also be 
used as Raman tags for detection of protein interactions, DNA hybridization or antibody-antigen 
interactions. 
40
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Figure 1-5. (a) Schematic representation of SWNT FET biosensors,
4b
 (b) Schematic illustration of a 
glucose oxidase (GOD) functionalized CVD-graphene device for detection of glucose. 
41
  
 
 
 
 
 
 
a) 
b) 
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Graphene is also being developed for biosensors in the recent years. RGO has been 
studied as a promising electrochemical sensor material, due to its unique electrochemical and 
structural properties.
23
 Graphene has a large electrochemical potential window which allows the 
detection of molecules with high oxidation or reduction potentials. Also, electron transfer can be 
enhanced on RGO and the abundant chemical groups on RGO offer the convenience for 
functionalizations. Reported electrochemical sensors based on graphene materials include 
hydrogen peroxide sensor,
42
 glucose sensor,
43
 protein marker sensor
44
 and dopamine sensor
45
.  
Graphene oxide can fluoresce in a wide range of wavelength and has the potential to 
serve as a universal fluorescence label for optical imaging.
23
 GO can also quench fluorescence 
with superior efficiency. Based on its fluorescence and quenching abilities, GO can serve as 
either an energy donor or acceptor in a fluorescence resonance energy transfer (FRET) sensor. 
DNA sensor
46
 and pathogen sensor
47
 have already been developed.  
Nanopores are molecular diameter pores that reside on an insulating membrane, which 
can be used as molecular detector with high sensitivity.
23
 When a molecule passes through a 
nanopore that connects two separated electrolyte solutions, the ionic current flowing through the 
pore will be partially blocked, producing a current that is determined by the charge state and 
subtle molecular structure of the occupying molecule. The thinner the nanopore membrane is, the 
higher resolution of molecules can be achieved. Since single-layer graphene is the thinnest 
material known, it has been proposed that it can be used for DNA sequencing. 
48
 
Graphene electronic biosensors have been developed to detect biomolecules like 
saccharide, proteins, and DNA.
23
 CVD-grown graphene sensor was fabricated to electrically 
detect glucose and glutamate.
41
 The detection was mediated by enzymes functionalized on the 
graphene sheet. RGO has also been used to develop a thin-film based sensor for immunoglobulin 
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G (IgG) detection with an ultralow detection limit.
49
 Gold nanoparticles and anti-IgG antibody 
conjugates were assembled onto RGO sheets by electrospray and electrostatic force directed 
assembly. A blocking buffer containing Tween 20, fish gelatin and BSA were used to prevent 
nonspecific binding to the RGO sheet. Other examples include protein sensor 
50
 and DNA 
sensor. 
51
  
Holey reduced graphene oxide (hRGO) (Figure 1-6, a) can be visualized as 
interconnected graphene nanoribbons (GNRs).
22
 It has been proposed that these nanoribbons can 
provide quantum confinement and edge effects that will tune the graphene from semi-metal to 
seminconducting. Indeed, in our experiments, hRGO exhibited enhanced p-type semiconducting 
behavior compared to RGO (Figure 1-6, b). This enhanced semiconducting property, as well as 
the oxygenated groups on the edges of the holes, make hRGO promising for sensing application. 
Our group has explored the chemical sensing performance of hRGO. It was found that, when 
decorated with platinum nanoparticles, hRGO exhibited a selective response to hydrogen gas.
52
 
 
  
Figure 1-6. (a) AFM image of holey reduced graphene oxide (hRGO) and (b) conductivity versus 
potential (liquid gate) plot for RGO (black circles) and hRGO (solid red line). 
22
 
 
a) b) 
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In this dissertation, both SWNT and graphene materials have been used for the 
development of biosensors. In Chapter 2, a SWNT resistor-based biosensor was developed for 
the detection of hydrogen peroxide. EGCG molecule from green tea was used to noncovalently 
functionalize SWNT network. In Chapter 3, SWNT FET was noncovalently decorated with 
porphyring-based glycoconjugate and its sensitivity toward lectin molecules was assessed. In 
Chapter 4, we compare the performances of SWNT and graphene in terms of lectin sensing, 
when noncovalently functionalized with porphyrin- or pyrene-based glycoconjugates. It was 
found that SWNTs performed better in such sensor setup. In Chapter 5, hRGO was covalently 
functionalized with antimicrobial peptide (AMP) for the detection of bacteria. The performance 
of the hRGO devices was compared with FET devices comprised of networks of oxidized 
SWNTs.  
 16 
2.0  EXPLORING THE CHEMICAL SENSITIVITY OF A CARBON 
NANOTUBE/GREEN TEA COMPOSITE 
2.1 CHAPTER PREFACE 
The aim of this work was to investigate the chemical sensitivity of a carbon nanotube/green tea 
composite. We fabricated and characterized SWNT/epigallocatechin gallate (EGCG) thin films 
and measured their relative conductance as a function of hydrogen peroxide concentrations. The 
material contained in this chapter was published as an article in the journal ACS Nano; the 
figures and table in this chapter have been reproduced with permission from ACS Nano 2010, 4, 
6854. Copyright 2010 American Chemical Society; the full citation is listed as Reference 53 in 
the bibliography section. 
List of Authors: Yanan Chen, Yang Doo Lee, Harindra, Vedala, Brett L. Allen, and 
Alexander Star 
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2.2 INTRODUCTION 
Single-walled carbon nanotubes (SWNTs) continue to be of increasing importance in a variety of 
areas including materials and life sciences.
54
 Because of their size (approximately 1-3 nm in 
diameter, 1 µm long) and their unique physical and electronic properties, that is to say, high 
tensile strength, chemical stability, and electrical conductivity, SWNTs are an ideal material to 
interface with biological systems.  For many biological applications, however, their dispersibility 
in aqueous media becomes the main problem.  There have been a variety of methods developed 
to increase dispersion of this material in water by non-covalent functionalization including using 
surfactants,
55
 polymers,
56
 and biomolecules such as DNA, peptides, polysaccharides, and 
proteins.
57
 Recently it has been shown that green tea can disperse nanotubes in aqueous 
solutions.
58 
Made solely from the leaves of Camellia sinensis, green tea has undergone extensive 
research for its antioxidant abilities.
59
 Specifically, antioxidant properties can be derived from 
the presence of catechins.  These organic compounds, which are a group of water-soluble 
polyphenols,
60
 consist of epicatechin (EC), epicatechin gallate (ECG), epigallocatechin (EGC), 
and epigallocatechin gallate (EGCG).
61
  Studies have shown that such compounds possess 
biological activity exhibiting not only antioxidant behavior,
62
 but antitumor 
63
 and anticancer 
63b,64 
effects as well.  Among antioxidants present, EGCG is the most abundant and has the 
strongest activity.
65
 This compound reacts readily with reactive oxygen species (ROS) such as 
superoxide (O2
-
), hydroxyl radicals (·OH), and hydrogen peroxide (H2O2).
66 
Here we examine the chemical sensitivity of a SWNT/EGCG composite to H2O2 
exposure.  This composite material was characterized by transmission electron microscopy 
(TEM), atomic force microscopy (AFM), Fourier transform infrared (FTIR) spectroscopy, 
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Raman spectroscopy and ultraviolet-visible-near-infrared (UV-Vis-NIR) absorption spectroscopy 
in thin films. Additionally, electrical conductivity of the SWNT/EGCG composite was measured 
on interdigitated Au electrodes upon exposure to H2O2 vapors, relative humidity, and varying 
concentrations of H2O2 in water. Two different device architectures, namely a SWNT/EGCG 
pre-mixed composite and a SWNT/EGCG layer-by-layer composite, were tested for their 
response to H2O2. The mechanism of the electrical response to H2O2 was further evaluated by 
comparing the SWNT/EGCG composite with bare SWNTs and by adding Fe2O3 nanoparticles 
(NP) into the composite in order to generate ·OH radicals by Fenton catalysis.
67
 We also 
performed FTIR spectroscopy and studied the response of a SWNT/green tea composite in a 
three electrode electrolyte-gated field-effect transistor (FET) configuration to investigate the 
sensing mechanism. 
2.3 EXPERIMENTAL 
Materials. HiPco single-walled carbon nanotubes (SWNTs) were purchased from Carbon 
Nanotechnologies, Inc. (Grade/Lot#: P2/P0329). Epigallocatechin gallate hydrate (EGCG) was 
obtained from TCI America and green tea was purchased from Amore Pacific. N, N–
Dimethylformamide (DMF) and hydrogen peroxide (30%) were purchased from EMD chemical 
and J. T. Baker, respectively.  Fe2O3 nanoparticles were purchased as nanopowder from Sigma 
(544884, <50nm). All reagents were used as received without further purification.  
Preparation of SWNT and green tea or EGCG composites. The fabrication of the 
composites was carried out by sonicating approximately 1 mg of SWNTs in 20 mL of 0.3 
mg/mL green tea (or 4×10
-4
 M EGCG) at room temperature (Sonicator: Branson 5510) for 1 hr. 
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The solution was then centrifuged (Fisher Scientific centrific model 228) at 3400 RPM for 15 
minutes. The supernatant was then filtered and washed with deionized water subsequently to 
remove any unbound green tea (EGCG). The resulting material was then dispersed in water to 
obtain SWNT/green tea (SWNT/EGCG) suspension (resulting concentration 0.05 mg/mL).  
Thin films on quartz slides for spectroscopic analysis were made by spray coating a 
heated quartz slide (140 °C) with the above SWNT/green tea (SWNT/EGCG) suspension. Thin 
film of bare SWNTs were prepared by spray coating SWNT suspension in DMF at 180 °C. 
Thin Film Characterization. Spectroscopic measurements were made using a UV-Vis-
NIR spectrophotometer (Lambda 900, Perkin Elmer Instruments). FTIR was performed on a 
Nicolet Avatar 360 FTIR spectrometer. SWNT/EGCG composite (solid) was ground with KBr 
finely and the powder mixture was then crushed in a mechanical die press to form a translucent 
pellet through which the beam of the spectrometer can pass. SWNT/EGCG composite after 
exposure to H2O2 in solution was filtered and dried. A pellet of this material was made in the 
same way as mentioned above. FTIR of EGCG was taken by drop-casting and drying a solution 
of EGCG in methanol on a NaCl salt window. 
Scanning electron microscopy (SEM) was performed on a Philips XL30 FEG microscope 
at an accelerating voltage of 10 keV to characterize the morphology of deposited thin films. 
Transmission electron microscopy (TEM) images were obtained with a Philips/FEI Morgagni 
microscope. The electron-beam accelerating voltage of the TEM was held constant at 80 keV for 
all imaging. All samples were suspended in water, dropcasted onto a lacey-carbon TEM grid 
(Pacific Grid-Tech), and allowed to dry in ambient. Atomic force microscopy (AFM) 
characterization was carried out on a Multimode scanning-probe microscope (Veeco). Samples 
were prepared by spin-coating SWNT/EGCG composite (suspended in water) onto a freshly 
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cleaved sheet of mica surface. After 45 min of drying in ambient conditions, the images were 
taken. Tapping-mode experiments using supersharp tips (AppNano ACL-SS) (2 nm) allowed for 
the intricate characterization of all samples. Raman measurements of the thin films were 
performed on a Renishaw inVia Raman microscope (excitation wavelength, 633 nm).  
Metal interdigitated devices (Au/Ti, 100 nm/30 nm) with interelectrode spacing of 10 
(2mm×2mm) containing four identical devices was then set into a 40-pin ceramic dual in-line 
package (CERDIP) and wire-bonded using Au wire.  Devices were subsequently isolated from 
the rest of the package by epoxying the inner cavity. Fabrication of bare SWNTs conductance 
measurement was made by sonicating approximately 1 mg of SWNTs in 20 mL DMF and drop-
casting 40 µL of the dispersion directly on the Si chip in the package device mentioned above. 
The fabrication of SWNT/EGCG composite devices was carried out by drop-casting 40 µL 
SWNT/EGCG suspension on a chip and allowing to dry in ambient. For the layer-by-layer 
SWNT/EGCG device architecture, SWNTs were first deposited onto the electrodes by 
dielectrophoresis (DEP) method using SWNTs suspension in DMF (Agilent 33250A 80 MHz 
Function/Arbitrary Waveform Generator, 10 MHz, 8.00 Vpp). After washing with DMF and 
drying at 180 °C, the devices were incubated with 4.4×10
-4
 M EGCG solution. For 
SWNTs/EGCG/Fe2O3 nanoparticle devices, a SWNT/EGCG device was first prepared and Fe2O3 
nanoparticle suspension in water was then drop-casted on the electrodes and allowed to dry. 
Conductance measurements on composite devices were carried out on a custom test-
board using Zephyr software.31 Using a Keithley 2602 dual-source meter and Keithley 708A 
switching mainframe, we were able to monitor all devices on a single chip at a given time.  
 21 
Device switching was performed at 500 milliseconds, displaying near-real time responses for 
each device.   
To investigate the sensing mechanism of H2O2 and show application of green tea in 
chemical sensing, we studied the response of SWNT/green tea composite in a three electrode 
electrolyte-gated field-effect transistor (FET) configuration. In this setup, a home built fluid 
chamber was mounted on the CERDIP package to hold small volume (100 µL) of electrolyte. 
The conductance of SWNT transistor device was tuned using double distilled water as 
electrolyte. A Ag/AgCl reference electrode connected to a voltage source (Keithley 4200) was 
used a gate electrode. A liquid gate potential was applied to the reference electrode with respect 
to grounded drain electrode, while maintaining a constant bias voltage (10 mV) between the 
source and drain voltage. To obtain a negligible leakage current (10 nA), the gate potential was 
scanned from -750 mV to 750 mV.  
2.4 RESULTS AND DISCUSSION 
Using green tea and EGCG (Figure 2-1a), SWNTs were dispersed in water through sonication. 
Figure 2-1, b shows these suspensions in water which were stable for up to three months.  As the 
catechin is comprised of phenol groups, it is thought that dispersion occurs through π-π stacking 
with the nanotube’s graphitic lattice. Presumably, the noncovalent interaction between SWNTs 
and cathechin leads to the disaggregation of SWNT bundles and provides a stable dispersion by 
sonication.
58
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Figure 2-1. (a) Chemical structure of epigallocatechin gallate (EGCG).  (b) Photograph of four vials 
with green tea (left), SWNT and green tea (middle left), 4.4 × 10
-4
 M EGCG sonicated with ca. 1 mg of 
SWNTs (middle right) and SWNTs in water (right). (c) UV-Vis-NIR absorption spectra of SWNT (black), 
EGCG (green), and SWNT/EGCG (red) as thin films on quartz. Inset displays a photograph of transparent 
SWNT/EGCG conductive film on a quartz slide. (d) FTIR spectrum of bare SWNTs (black), EGCG in MeOH 
(4×10
-4
 M) (green) and SWNT/EGCG composite after heating at 140 °C for 20 min (red). 
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To study the interaction between EGCG and carbon nanotubes, spectroscopic 
measurements were taken of a spray-cast film on a quartz slide using UV-Vis-NIR spectroscopy.  
The resulting spectrum is a superposition of SWNTs and EGCG spectra (Figure 2-1, c), in a 
good agreement with previous solution studies.
58
 It should be mentioned here that the thin films 
of SWNT/EGCG composite for UV-Vis-NIR studies were prepared by spray-casting the solution 
to a quartz slide at 140 °C to prevent nanotube agglomeration through drying and provide 
uniform films. EGCG was stable to this thermal treatment because, after the heating, the EGCG 
absorption spectrum in the composite demonstrates no shift compared to pure EGCG (prepared 
by drop-casting EGCG solution and drying at room temperature) (Figure 2-1, c). Furthermore, an 
FTIR spectrum of SWNT/EGCG composite (heated at 140 °C for 20 min) showed peaks (eg. 
3360 cm
-1
, 1610 cm
-1
, 1450 cm
-1
 and 1140 cm
-1
) characteristic of EGCG (in MeOH) , yet 
additional evidence of the composite thermal stability (Figure 2-1, d).  In fact, the SWNT/EGCG 
composite shows no degradation up to 200 °C, according to thermogravimetric analysis (TGA) 
(Figure-S 2-1). Combined with TGA results, the spectroscopic results confirm that this 
composite is stable at the temperature we adopted to prepare the thin films. Interactions between 
SWNTs and EGCG in the composite were further characterized by Raman spectroscopy, AFM 
and TEM. The Raman spectra of a SWNT/EGCG composite and pristine SWNT were mostly 
similar (Figure-S 2-2), indicating noncovalent interaction between EGCG and SWNT with a 
negligible effect on SWNT vibration modes.
68
 To confirm EGCG coverage and provide 
information about composite surface morphology, we characterized the composite using AFM 
and TEM. In AFM images, the surface of the SWNT/EGCG composite appears to be covered 
unevenly (Figure-S 2-3, a), clearly showing different morphology from pristine SWNTs (Figure-
S 2-3, b). Similar change in morphology was observed in TEM imaging. SWNTs in the 
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composite are covered with an amorphous coating (Figure-S 2-4). Because of the difficulty in 
dispersing pristine SWNTs in water (Figure 2-1, b), for AFM and TEM, we used SWNTs 
suspension in DMF to provide information of uncovered, bare SWNTs. 
The thin films of SWNT/EGCG composite were both transparent and conductive (Figure 
2-1, c, inset). The electrical conductance of the films (10 films) was measured as 271±61µS. 
These values are comparable to 325±105µS conductance of thin films made from bare SWNTs 
(13 films) prepared by spray-coating a SWNT suspension in DMF at 180 °C. Taken into account 
the thin film thickness measured by AFM (Figure-S 2-5), the conductivities can be calculated as 
22.9±5.1 S/cm and 27.4±8.9 S/cm, for SWNT/EGCG and SWNT thin films, respectively (see 
Supporting Info for calculation details). The small decrease in the thin film conductivities could 
be due to the conformal coating of EGCG on the individual SWNTs thereby causing an increase 
in inter-nanotube separation.  
In order to examine the chemical sensitivity of the composite to varying concentrations of 
H2O2, SWNT/EGCG composite devices were fabricated by drop-casting SWNT/EGCG on Si 
chips with four interdigitated Au electrodes (Figure 2-2, a and b). Conductance measurements on 
composite devices were carried out on a custom test-board using Zephyr software.
69
 Using a 
Keithley 2602 dual-source meter and Keithley 708A switching mainframe, we monitored all 
devices on a single chip at a given time.   
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Figure 2-2. (a) Schematic illustration of SWNT/EGCG composite device.  (b) Optical images and 
scanning electron microscope (SEM) image of the SWNT/EGCG film deposited on CERDIP package with Si 
chip containing four interdigitated Au electrodes. (c)  Relative conductance versus time dependence of four 
interdigitated devices (shown in different colors) coated with SWNT/EGCG composite cycled between H2O2 
and H2O vapor pulses (H2O2 concentration was calculated as 45 ppm).  (d) Relative conductance versus time 
dependence of four interdigitated devices coated with SWNT/EGCG composite cycled between dry N2 and N2 
bubbled through different saturated salt solutions generating different levels of relative humidity (%). 
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   We first investigated the effect of H2O2 vapors by measuring relative conductance 
(ΔG/G0) versus time as H2O2 vapors were pulsed using N2 as a carrier gas. Devices were tested 
under a constant applied voltage of 50 mV at room temperature. H2O2 vapors were pulsed at 30 
minute intervals, with saturated water vapor acting as the “off” state. Water and H2O2 vapors 
were generated by passing 660 sccm (standard cubic centimeters per minute) of N2 gas through 
bubblers filled with deionized water and 1 M H2O2 solution, respectively. As shown in Figure 
2-2c, device exposure to H2O2 vapors resulted in a conductance increase and the device response 
was constant during the test.  Bare SWNTs devices, however, showed no obvious response to 
H2O2 vapors, and no stable baseline was achieved under device exposure to high relative 
humidity (Figure-S 2-6, a).  By using saturated water vapor as the “off” state, we attempted to 
isolate the composite response to H2O2 vapors from any effects of relative humidity. However, 
the effect was not fully eliminated. The H2O2 concentration in the vapor was calculated
70
 to be 
45 ppm and its effect on the composite conductance was largely masked by the change in relative 
humidity. The measured relative humidities of H2O vapor and H2O2 vapor were 92% and 80%, 
respectively. 
In fact, SWNT/EGCG composite devices have a large response to water vapors. Figure 
2d shows the normalized response of the composite device to the effects of relative humidity by 
pulsing varying relative humidity using N2 as a carrier gas.  Briefly, controlled relative humidity 
was created by passing N2 gas through different saturated salt solutions including LiCl, K2CO3, 
NaCl, and KH2PO4 corresponding to relative humidities of 11.3%, 43.2%, 75.3%, and 96.6%, 
respectively.
71
  Relative humidities were pulsed at 10 minute intervals, with dry N2 acting as the 
“off” state. As relative humidity increases, conductance of SWNT/EGCG devices decreases.  It 
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is also quite notable that this response is one order of magnitude larger for the SWNT/EGCG 
composite over that of bare nanotubes (Figure-S 2-6, b and c).   
Such a decrease in conductance for the SWNT/EGCG composite is typical of most 
SWNT/polymer composites.
72
 EGCG, hydrophilic in nature, has a high affinity for water.  As 
this layer gets hydrated two effects may occur.  The first effect involves the expansion of the 
EGCG composite, at high relative humidity, as we confirmed by volume change of the 
composite. The composite expands twice when relative humidity is increased from 0% to 100% 
(Figure-S 2-7).  As swelling of this composite occurs, nanotubes are separated further apart and 
the percolation through the SWNT network is decreased resulting in a decrease in conductance. 
Additionally, water molecules can create charge traps on nanotube networks,
73
 resulting in the 
change in the conductance.   
To overcome effects of relative humidity, we performed liquid measurements. The 
stability of the SWNT/EGCG thin films in aqueous environment was tested by measuring the 
thickness of the thin films before and after their exposure to water for 4 hours and monitoring the 
conductance of the thin film immersed in water. The small variation in the thin film thickness 
(Figure-S 2-5a and b) and the stable conductance over the test time (Figure-S 2-5c and d) 
indicated insignificant leaching and confirmed the film stability.  We have already made mention 
that EGCG is a strong antioxidant and, as such, should have a specific response for ROS such as 
H2O2, as opposed to response of the thin films to water.  In liquid measurements, the composite 
should be fully hydrated, and thus, the conductance change will be only due to the result of ROS 
in the solution.  
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Figure 2-3. Relative conductance versus time response to varying concentrations of H2O2 of (a) 
SWNT/EGCG pre-mixed composite, (b) of bare SWNT device, (c) of SWNT/EGCG layer-by-layer composite, 
(d) SWNT/EGCG/(Fe2O3 nanoparticles) layer-by-layer composite and (e) SWNT/(Fe2O3 nanoparticles) layer-
by-layer composite. Insets show the schematic device architectures. (f) Relative conductance change vs. 
concentration plot of SWNT/EGCG (black) and SWNT/EGCG/(Fe2O3 nanoparticles) (red). (g) Fenton’s 
catalysis mechanism includes the coordination of Fe
3+
 by polyphenols in EGCG, subsequent iron reduction 
and semiquinone formation, and reduction of Fe
3+
 to form a quinone species and Fe
2+
 (reaction 1). H2O2 is 
reduced by Fe
2+
, resulting in the formation of •OH radical (reaction 2). (Ref 74) 
 
We examined SWNT/EGCG composite devices for changes in conductance in real time. 
Devices were initially exposed to four additions of 10 µL deionized water to create a stable 
hydrated layer within SWNT/EGCG composites. As can be seen from Figure 2-3a, the initial 
exposure to 10 µL of water elicited the same conductance decrease as witnessed in the relative 
humidity experiments. After four additions of deionized water, any subsequent response should 
be solely due to the concentrations of H2O2. An addition of 10
-4
 M H2O2 (10 µL) resulted in a 
slight increase in the conductance of the device. Then the higher concentrations of H2O2 (10
-3
 M 
and 10
-2
 M) were added subsequently and the responses increased accordingly. As a control 
experiment, bare nanotube device were tested for the same concentrations of H2O2, as well as the 
initial additions of deionized water.  As can be seen from Figure 2-3b, after additions of 
deionized water, the bare SWNT device cannot reach a stable baseline as effectively as the 
SWNT/EGCG composite, which may be due to the hydrophobicity of bare nanotubes, and the 
device has no obvious response to the subsequent additions of H2O2. 
The response of the SWNT/EGCG composite to H2O2, however, is relatively smaller than 
the response to water. To explore a method to improve the H2O2 response, we adopted layer-by-
layer architecture to fabricate the SWNT/EGCG device (Figure 2-3c inset). We first deposited 
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SWNTs (DMF suspension) onto the electrodes using a dielectrophoresis (DEP) method.
75
 After 
washing with DMF and drying at 180 °C, the chips were incubated with EGCG solution (in 
water, 4.4×10
-4
 M) for two hours to deposit EGCG on the surface of SWNTs and then washed 
with deionized water and dried in ambient. This device architecture demonstrated improved 
response to H2O2 (Figure 2-3c). H2O2 concentration as low as 5×10
-6
 M was detected with signal 
to noise ratio of 8. The improvement in the sensor performance can be attributed to two factors 
namely: dielectrophoretic assembly of nanotube between the metal electrodes and layer-by-layer 
deposition of EGCG on bare SWNTs. DEP aids in alignment of the nanotubes between the 
electrodes and results in increased field-effect mobility as compared to devices fabricated by 
drop casting.
76
 Layer-by-layer deposition of EGCG results in direct contact of nanotubes with 
metal electrodes, thereby reducing the contact resistance. 
The proposed mechanism for the conductance response to H2O2 is derived from the 
antioxidant properties of EGCG, which has been the subject of much debate.
77
 Catechins are 
oxidized by radicals and thus lose electrons, which segues into the response for SWNT/EGCG 
devices. Presumably interactions between EGCG and SWNTs are such that some electron 
density is transferred between the species. As EGCG is oxidized and loses electrons, it may be 
that this causes subsequent withdrawal of electron density from the nanotube network resulting 
in an increase in the majority charge carrier, holes, and increasing conductance.  
To further investigate the mechanism of the conductance response of SWNT/EGCG 
composite to H2O2, we designed another experiment in which a Fe2O3 nanoparticle solution was 
drop-casted on the electrodes modified with SWNTs and EGCG using layer-by-layer setup 
(Figure 2-3d and e). While SWNT/(Fe2O3 NP)system showed insignificant improvement for 
H2O2 detection over bare SWNTs, a combination of EGCG and Fe2O3 nanoparticles has positive 
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synergy for H2O2 detection with SWNTs.  As can be seen from calibration plot for 
SWNT/EGCG and SWNT/EGCG/(Fe2O3 NP) devices (Figure 2-3f), the H2O2 responses can be 
increased to more than 100%, due to the presence of Fe2O3 nanoparticles. A similar effect was 
observed when the SWNT/EGCG composite was mixed with Fe2O3 nanoparticles and drop-
casted on the device chip. Compared to Figure 2-3a, a significant increase in H2O2 signal was 
observed (Figure-S 2-8). The observed increase in H2O2 signal can be explained by the 
additional ·OH generation via Fenton’s catalysis mechanism shown in Figure 2-3g. The Fe3+ ions 
from the Fe2O3 nanoparticles first coordinate with EGCG phenol group, followed by subsequent 
semiquinone formation, and reduction of Fe
3+
 to form quinone species and Fe
2+
.
74,78
 The Fe
2+
 
ions formed in this process will then react with H2O2 to form reactive oxygen species ·OH, 
which in turn will oxidize EGCG. The higher degree of EGCG oxidation leads to the observed 
increased relative conductance response of SWNT/EGCG composite. This further suggests that 
the relative conductance response of SWNT/EGCG composites to H2O2 arises from the 
antioxidant property of EGCG and the electron transfer between SWNTs and EGCG. 
To confirm that EGCG is actually oxidized upon H2O2 exposure, we analyzed FTIR 
spectra of the composite before and after exposure to 10
-2
 M H2O2. Figure 2-4a shows the 
possible oxidation products of EGCG with H2O2.
77a,79
 As can be seen in Figure 2-4b, the peak 
changes (from 1601 cm
-1
 to 1714 cm
-1
 and from 3360 cm
-1
 to 3440 cm
-1
) indicate the formations 
of quinone groups and carboxyl group, characteristic of EGCG oxidation products (1 and 2). We 
hypothesize that EGCG oxidation and the subsequent electron transfer lead to the SWNT/EGCG 
composite response to H2O2.  
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Figure 2-4. (a) Chemical structures of possible oxidation products of EGCG with H2O2 (Ref 
79
 and 
77b
). (b) FTIR spectrum of SWNT/EGCG composite before (black) and after exposure to 10
-2
 M H2O2 (Red). 
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Figure 2-5. (a) Schematic illustration of the liquid-gate FET testing device setup. (b) Current versus 
liquid gate potential curves of SWNT/green tea composite device acquired before (black solid) and after 
adding 10
-4
 M (red dot), 10
-3
 M (blue dash) and 10
-2
 M (green dot dash) H2O2. (c) Threshold voltage shift 
versus H2O2 concentration plot.  
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To further understand the sensing mechanism and show application of green tea in 
chemical sensing, we studied the effect of H2O2 concentrations on SWNT/green tea composite 
conductance in a liquid gate FET configuration. It has been demonstrated in earlier reports that 
an electrolyte-gated FET configuration can be effectively used for understanding the interaction 
of various molecules (charged ions or biomolecules) with SWNTs.
80
 Figure 2-5a shows a 
schematic illustration of the FET device. Figure 2-5b shows the Id vs Vlg for SWNT/green tea 
composite device measured at different concentrations of H2O2. A gradual shift in the threshold 
voltage for each curve was observed with the increasing concentrations of H2O2 from 10
-4
 M to 
10
-2
 M (Figure 2-5c). This shift towards positive gate voltages indicates a p-doping of the FET 
device which can be attributed to the negative charge donated into the channel from the H2O2 
molecule. These results strongly correlate with the SWNT/EGCG data shown in Figure 2-3a 
which shows the increase in relative conductance with increasing concentrations of H2O2. 
2.5 CONCLUSIONS 
In conclusion, we studied SWNT/green tea and SWNT/EGCG composites using various 
characterization methods and most importantly, present here the chemical sensitivity of the 
composites to ROS. Because of EGCG’s antioxidant properties and hydrophilic nature, this 
composite exhibits sensitivity to hydrogen peroxide in aqueous solution. We propose that these 
responses are the result of the oxidation of EGCG and electron transfer between EGCG and 
SWNTs. The H2O2 response was further improved by changes in the device architecture and the 
use of Fe2O3 nanoparticles, which promote ROS formation through Fenton’s catalysis. Such 
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solid-state electrical measurements indicate that SWNTs functionalized with common-or-garden 
green tea have great potential for electronic detection of ROS. 
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2.7 SUPPORTING INFORMATION 
Thermogravimetric analysis (TGA), Raman spectroscopy, atomic force microscopy (AFM) and 
transmission electron microscopy (TEM) characterizations of the composite, AFM images of 
SWNT/EGCG thin film thickness before and after water exposure, conductance of 
SWNT/EGCG thin film immersed in water, responses of bare SWNTs to H2O2 vapors and 
relative humidity (RH), optical images of SWNT/EGCG composite before and after exposing to 
high humidity, relative conductance versus time response to H2O2 of SWNT/EGCG/(Fe2O3 
nanoparticle) composite, and calculation of the SWNT/EGCG and bare SWNT thin films 
conductivities available. 
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Figure-S 2-1. TGA of SWNT (black), EGCG (green) and SWNT/EGCG composite (red). 
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Figure-S 2-2. Raman spectra of pristine SWNTs (black) and SWNT/EGCG composite (red). 
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Figure-S 2-3. (a)  AFM image of SWNTs treated with 4.4 × 10
-4 
M EGCG. Section analysis reveals 
that SWNTs appear 4–9 nm in diameter after modification with EGCG. (b) AFM image of bare SWNTs. 
Section analysis reveals that bare SWNTs exist as small bundles with diameter around 2 – 6 nm. 
 
 
Figure-S 2-4. Transmission electron microscopy (TEM) images of SWNTs treated with (a) 4.4 × 10
-
4
M EGCG in water and (b) bare SWNTs in DMF solution (bare SWNTs cannot be dispersed in pure water). 
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Figure-S 2-5. Atomic Force Microscopy (AFM) images of the SWNT/EGCG composite thin film (a) 
before and (b) after incubation in water for 4 hours. AFM section analysis demonstrates 10% decrease in the 
film thicknesses from 68 nm to 61 nm after incubation in water, indicating insignificant leaching over the 
tested time period.  (c) Electrical conductance of SWNT/EGCG composite device versus time after addition of 
water.  The device demonstrates a stable baseline while it is immersed in water.  (d)  Current vs. voltage 
measurement of bare SWNTs thin film before addition of water (black) and after the added water is dried 
(red), showing no change in the film conductance. 
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Figure-S 2-6. (a) Relative conductance response versus time dependence of four interdigitated devices 
coated with bare SWNTs exposed to H2O2 vapor pulses. (b) Relative conductance response versus time 
dependence of three interdigitated devices coated with bare SWNTs and exposed to varying relative humidity 
pulses. (c) Relative humidity (RH) calibration plot of SWNT/EGCG composite material (black) and bare 
SWNTs (red). 
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Figure-S 2-7. Optical image depicting the swelling of a SWNT/EGCG composite because of 
increasing relative humidity (scale in millimetres). 
 
 
Figure-S 2-8. Relative conductance versus time response to varying concentrations of H2O2 of 
SWNT/EGCG/(Fe2O3 Nanoparticle) composite. The composite was prepared by mixing and sonicating the 
components together. 
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Calculation of the Thin Film Conductivities:  
We measured the conductances of the thin films of SWNT/EGCG or SWNT spray-coated 
on quartz slides (1 in × 1 in) (Figure-S 2-9a). To calculate the conductivity, we can visualize the 
thin film as illustrated by Figure-S 2-9b. 
Conductivity  
 
 
, where ρ is the Resistivity. (1) 
Resistivity  
  
 
, where R is the electrical resistance,(2) 
Electrical resistance   
 
 
, where G is the electrical conductance,(3) 
Conductivity  
 
 
 
 
  
 
  
 
, where L is the length of the film and A is the cross-
sectional area. (4) 
As can be seen from Figure S9a, L is 1.5 cm. The thickness of thin film was measured to 
be approximately 70 nm (Figure-S 2-5) and the width is 2.54 cm (1 inch), so the area A is 
1.78×10
-5
 cm
2
. Using the equation (4) above, we can convert the measured electrical 
conductance into conductivity. The conductivity of the SWNT/EGCG thin film is 22.9±5.1 S/cm 
and the conductivity of the SWNT thin film is approximately 27.4±8.9 S/cm. 
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Figure-S 2-9. (a) A photograph of transparent and conductive SWNT/EGCG film on a quartz slide. 
(b) Schematic illustration of thin film. The black arrow shows the direction of the current i, L is the length of 
the film and A is the cross-sectional area. 
a) b) 
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3.0  NANOELECTRONIC DETECTION OF LECTIN-CARBOHYDRATE 
INTERACTIONS USING CARBON NANOTUBES 
3.1 CHAPTER PREFACE 
The aim of this work was to use SWNTs and porphyrin-glycoconjugate platforms for the 
detection of lectin-carbohydrate interactions. These interactions are involved in a wide range of 
biological processes. Specifically, SWNT FETs were functionalized noncovalently with 
prophyrin-based glycoconjugates synthesized using “click” chemistry, and changes in electrical 
conductance was observed upon binding of specific lectins.  The material contained in this 
chapter was published as an article in the journal Nano Letters; the figures and tables in this 
chapter have been reproduced with permission from Nano Letters 2011, 11, 170. Copyright 2011 
American Chemical Society; the full citation is listed as Reference 81 in the bibliography section. 
 
List of Authors: Harindra Vedala, Yanan Chen, Samy Cecioni, Anne Imberty, Sébastien 
Vidal, and Alexander Star 
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3.2 INTRODUCTION 
Carbohydrates are major components of the cell membrane and are involved in diverse 
biological processes such as cell growth and development, cell-cell communication, pathogen 
binding, inflammation, tumor cell metastasis, immune responses, and mediating cell adhesion 
through carbohydrate-carbohydrate or carbohydrate-receptor interactions.
82 
 Lectins are sugar-
binding proteins that play an important role in biological recognition involving glycoconjugates 
and possess high specificity for their cognate sugar moieties. In general, they have weaker 
interactions than antigen-antibody complexes and their dissociation constants are in the range of 
Kd = 10
−6
 - 10
−7
 M for glycoproteins.
83 
Understanding and mimicking specific interactions 
between carbohydrates and lectins which are used in bacterial or viral adhesion
84
 is a challenging 
task that could lead to improvements in pathogen detection and inhibition of bacterial or viral 
infections. The existing methods for probing lectin−carbohydrate interactions using biosensors 
are tedious, requiring extensive instrumental setup and technical expertise.
85
 Accordingly, there 
are critical needs for developing effective new glycotechnologies and biosensors that are 
sensitive, rapid, simple, reliable and cost-effective. In this regard, single-walled carbon 
nanotubes (SWNTs) because of their excellent electronic properties, high surface-to-volume 
ratio, and extreme sensitivity to surface adsorption events can be an ideal candidate for 
investigating carbohydrate interactions. 
Some recent examples have demonstrated the possible applications of carbon nanotubes 
(CNT) for the detection of pathogens
86
 or cancer biomarkers.
87
  The sensitivity of CNT-
containing devices is very impressive, and they in principle should be able to detect ultralow 
bacterial concentrations in few minutes. The specific interaction of CNTs with bacteria has been 
already studied by covalent
88
 or noncovalent
88c,89
 functionalization with carbohydrate 
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derivatives. Several reports have shown the interactions of carbohydrate-coated CNTs with 
lectins using pyrene-based glycoconjugates,
89a,b
 glycolipids,
89d
 glycopolymers,
90
 for the 
noncovalent systems. The covalent functionalization with galactose dendrimers led to selective 
interactions with Bacillus spores.
91
 The main focus of these studies has been to develop novel 
strategies to tailor the interface between CNTs and cells so as to mitigate the toxicity of CNTs, 
promote drug delivery or to detect dynamic biomolecular cellular secretion.
92
  However, the use 
of CNTs for electronic detection of carbohydrate-protein interactions has not been yet utilized. 
As it has been demonstrated by our group and others, NTFET devices can electronically 
transduce interactions with proteins and other biomolecules.
93
 
In this work, we investigate the specific binding of glycoconjugates and lectins using 
SWNTs configured into electrolyte gated field-effect transistors (FETs). SWNT networks act as 
conducting channels which transduce the binding between glycoconjugates and lectins into 
electrical signal. Figure 3-1a shows a schematic illustration of glycoconjugate-functionalized 
NTFET detection platform.
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Figure 3-1. (a) Schematic illustration of glycoconjugate-functionalized single-walled carbon 
nanotubes (SWNTs)-FET for selective detection of lectins. (b) Chemical structure of porphyrin-based 
glycoconjugates for noncovalent functionalization of SWNTs. Table shows the selected glycoconjugates and 
their specific lectins and controls.  (c) Optical image of a Si/SiO2 chip with micropatterned interdigitated 
electrodes.  SEM image of interdigitated electrodes used for device fabrication. Inset shows the SWNTs 
deposited by dielectrophoresis technique between the microelectrodes. 
 
  
(c) 
(a) (b) 
N
N
N
N
O
O
O
O
N
N
N
O
O
O
N
N
N
O
O
O
N
N
N
O
O
O
N
N
N
O
O
O
Zn
OSugar
O
S
ug
ar
O
Sugar
O
S
ug
a
r
Sugar
O
 47 
Using these devices we studied the interaction between three porphyrin-based 
glycoconjugates carrying β-D-galactose, α-L-fucose and α-D-mannose epitopes and their 
selective lectins PA-IL, PA-IIL and Concanavalin A (ConA), respectively. Lectin PA-IL (12 
kDa) is composed of four subunits of 121 amino acids, binds D-galactose plus its derivatives, and 
the lectin PA-IIL (11 kDa), composed of four subunits of 114 amino acids, binds L-fucose and 
other monosaccharides.
94
 They are produced in Pseudomonas aeruginosa and are involved in the 
infection process as demonstrated on murine model.
95
 P. aeruginosa bacteria are involved in 
cystic fibrosis lung infections, community-infections like otitis and pneumonia, and hospital-
acquired infections. ConA (25 kDa) lectin is tetrameric lectin, specific for mannose and glucose 
and is purified from jack-bean, Canavalia ensiformis. These three lectins require divalent cations 
for activity; calcium ions play a direct role in bridging amino acids and sugars in PA-IL and PA-
IIL binding sites
96 
while calcium and manganese maintain the active conformation of a loop in 
ConA.
97
 In addition to FET measurements, several other characterization methods, such as 
fluorescence microscopy, UV-vis-NIR absorption spectroscopy, atomic force microscopy 
(AFM), and contact angle measurements were performed to substantiate the electronic detection 
results. 
3.3 EXPERIMENTAL 
Materials and Methods. Single-walled carbon nanotubes (SWNTs) were procured from Carbon 
Solutions Inc. (P2-SWNT). PA-IL and PA-IIL lectins were provided by collaborators in France. 
ConA (25 kDa) lectin was purchased from Sigma and was used without further purification. 
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Glycoconjugates were synthesized by collaborators and the details of synthesis can be 
found in reference. 
81
 
FET Measurements. NTFET devices were fabricated by patterning interdigitated 
microelectrodes (source-drain spacing of 5 µm) on top of 200 nm oxide layer on Si substrates 
using photolithography and e-beam evaporation of 30 nm Ti and 100 nm of Au. SWNTs were 
procured from Carbon Solutions Inc. and were used as conducting channels in these FETs. 
Alternating current dielectrophoresis (DEP) technique was used for selective deposition of 
SWNT networks from N,N-dimethylformamide (DMF) suspension onto each interdigitated 
microelectrodes pattern.
75
 The dielectrophoresis parameters namely a.c frequency (10MHz), bias 
voltage (8 Vpp) and bias duration (60 s) were used to yield SWNT network devices with similar 
electrical conductance (0.1 – 1 mS). Each Si chip comprising of multiple FET devices was then 
placed onto a standard ceramic dual in-line package (CERDIP) and wirebonded. Two Keithley 
2400 sourcemeters were used for FET measurements.  The electrical performance of each device 
was investigated in electrolyte gated FET device configuration. The conductance of NTFET 
device was tuned using the electrolyte as a highly effective gate.
80a,98
 A small fluid chamber (1 
mL) was placed over the NTFET device to control the liquid environment using phosphate buffer 
solution (PBS) (20 mM) at pH 7.  A liquid gate potential (−0.75 V to +0.75 V) with respect to 
the grounded drain electrode was applied using an Ag/AgCl (3 M KCl) reference electrode 
submerged in the electrolyte. The drain current of the device was measured at a constant source-
drain voltage of 50 mV. Transfer characteristics (i.e., conductance (G) versus gate voltage (Vg)) 
were measured to investigate the interactions between glycoconjugates and lectins. Figure 3-1c 
shows the optical image of the chip consisting of multiple devices and scanning electron 
microscope (SEM) images (Phillips XL30 FEG) of a single device after DEP of SWNTs. 
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Imaging. Scanning electron microscopy (SEM) was performed with a Phillips XL30 
FEG at acceleration voltage of 10keV. Atomic force microscope (AFM) images were obtained 
using scanning probe microscope (Veeco Nanoscope II) in a tapping mode configuration. 
Samples were prepared by spin coating bare SWNTs onto a poly-L-lysine treated freshly cleaved 
sheet of mica substrate. Then the mica was incubated with porphyrin-glycoconjugates for 
noncovalent functionalization. Lectin incubation was done following the same procedure as FET 
device incubation. The images were taken after 30 min of drying in ambient and subsequent 
washing with PBS solution (for functionalized SWNTs). 
UV-vis-NIR Spectroscopy. UV-vis-NIR spectra were obtained using Perkin-Elmer 
Lambda 900 UV-vis-NIR spectrophotometer. Samples were prepared by spray casting SWNTs 
(in DMF suspension) onto 1” x 1” quartz substrates quartz plate heated to 185 °C using a 
commercial air gun (Iwata, Inc.). Subsequent glycoconjugate functionalization was performed at 
room temperature. 
Fluorescence Microscopy. Fluorescence microscopy was performed using Olympus 
Provis (AX 80).  Lectins, Canavalia ensiformis agglutinin (ConA) conjugated with Alexa Fluor 
488 (ConA-Alexa 488), were obtained from Invitrogen. In a typical experiment, a 1 mL solution 
of lectin-Alexa 488 conjugates (300 μg / mL) in PBS buffer containing 5 µM Ca2+ was added to 
the suspensions of glycoconjugate coated SWNT devices. The reactions were incubated for 40 
min at room temperature in the dark.  The chips were analyzed at 517 nm using a fluorescence 
microplate reader. Fluorescence intensities were corrected for background fluorescence by 
subtracting the fluorescence intensities of glycoconjugate coated SWNT alone. 
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3.4 RESULTS AND DISCUSSION 
To selectively detect lectins, NTFET devices were noncovalently functionalized with porphyrin-
based glycoconjugates. The experimental details for their synthesis are described in the reference 
81
. Briefly, propargylated porphyrin was prepared from p-propargyl-benzaldehyde and pyrrole 
then metallated with ZnCl2 to afford the desired propargylated core. The corresponding azido-
functionalized carbohydrates were then conjugated by azide-alkyne “click” chemistry to afford 
the acetylated glycoclusters which were then converted to the hydroxylated final 
glycoconjugates. Surface functionalization of NTFETs with each glycoconjugate was performed 
by incubating the Si chips in 2 µM solution of the glycoconjugates (in deionized water) for two 
hours followed by rinsing with deionized water. This was followed by incubating the chips for 
40 minutes in different concentrations of lectin solutions prepared in PBS with 5 µM CaCl2 and 
latter washed three times with PBS solution. Figure 3-1b shows the chemical structure of 
porphyrin-based glycoconjugates with their specific binding lectins and controls, used in this 
study. 
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Figure 3-2. Electronic detection of carbohydrate-lectin interactions: Conductance (G) vs gate voltage 
(Vg) of bare NTFET device, after functionalization with (a) β-D-galactose, (b) α-D-mannose, (c) α-L-fucose 
and after attachment with 2 µM selective lectin and their controls. (d) Same experiment as in panel (a) with 
PA-IIL as control and varying concentration of the selective lectin (PA-IL) (2 nM-10µM). Inset shows the 
biosensor calibration plot: normalized change in the device conductance versus PA-IL concentration. (e) 
Langmuir isotherm of data presented in panel (d) with calculated lectin dissociation constant (Kd). Lectin 
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binding experiments were performed in the presence of 5 µM Ca
2+
. (f) Fluorescence image of ConA-Alexa 488 
attached on α-D-mannose (left panel) and α-L-fucose (right panel) functionalized SWNTs. 
 
 
We measured a total of 20 NTFET devices. The liquid gate FET measurements of bare 
NTFETs exhibited either a p-type or ambipolar device characteristics (Figure 3-2). Because of 
the presence of metallic SWNTs in the network the ON/OFF ratio of the device was below 10
2
. 
After functionalization with the porphyrin-based glycoconjugates, a decrease in ON conductance 
with a slight negative shift in gate voltage was observed (Figure 3-2a).  Similar decrease in 
conductance was observed for all the three glycoconjugates indicating that the noncovalent 
interactions between metalloporphyrin core and SWNT dominate the signal (Figure 3-2b and c). 
Furthermore, the decrease in device conductance can be attributed to the screening of charge in 
the SWNT network as a result of the presence of electron donating Zn-porphyrin molecules.
99
 In 
a control experiment, zinc tetraphenyl porphyrin (ZnTPP) showed a similar response on transfer 
characteristics of NTFETs confirming the dominant role of Zn-porphyrin and its π-π interaction 
with SWNT sidewalls Figure 3-2a). 
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Figure 3-3. (a) G vs Vg curves for bare SWNT, after ZnTTP functionalization (without 
glycoconjugate) and after ConA (mannose specific lectin)(green). (b) UV-vis absorption spectra of pristine 
SWNTs, after functionalization with α-D-mannose and after ConA (mannose specific lectin). 
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Additionally, UV-vis-NIR absorption spectroscopy was employed to investigate the 
interaction between SWNTs and metalloporphyrin. UV-vis-NIR absorption spectroscopy is a 
useful technique to probe electron transfer in SWNTs as they have unique electronic structure 
with several van Hove singularities.
100
 These singularities produce peaks in the SWNT UV-vis-
NIR absorption spectra that correspond to either metallic or semiconducting SWNTs. Three 
semiconducting transitions, called S1 (1845 nm), S2 (1020 nm), and S3 (475 nm), and one metallic 
transition, called M1 (700 nm), are typically observed in the UV-vis-NIR absorption spectra of a 
sample of SWNTs, and it has been reported that the intensity of these transitions can be modified 
via doping the SWNT with holes or electrons.
 100
 The S1 band is the most sensitive to the charge 
transfer as it corresponds to the top of SWNT valence band. In Figure 3-3b besides S1, S2 and M1 
bands corresponding to SWNTs an additional peak at 425 nm was observed for SWNT-α-D-
mannose conjugates confirming the formation of the desired complex. We also observed an 
increase in the S1 band intensity by 6.5% and 13.6% when SWNTs were functionalized with α-D-
mannose and its specific binding lectin, ConA, respectively. This increase in S1 intensity and 
decrease in the NTFET conductance (Figure 3-2b) can be attributed to the refilling of the 
partially depleted SWNT valence band with electronic density donated by the binding molecules.  
After glycoconjugate functionalization, devices were treated with specific binding lectins 
and their controls. Figure 3-2a shows the response of a β-D-galactose glycoconjugate 
functionalized device to various lectins. Upon incubation with non-specific lectin (ConA, 2 µM) 
the transfer characteristics remained unaffected. However, when treated with the galactose 
specific lectin (PA-IL, 2 µM) a decrease in ON conductance was observed indicating the 
selective interaction between the glycoconjugate and the lectin. The decrease in ON conductance 
can be attributed to the net negative charge of the PA-IL (isoelectric point of 4.94) at the 
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measured pH of 7 and charge transfer to SWNTs .  A similar trend was observed for the other 
two glycoconjugate functionalizations namely α-D-mannose and α-L-fucose (Figure 3-2b and c 
and Figure-S 3-1) when treated with their respective specific lectins ConA and PA-IIL and the 
corresponding controls. In a different control experiment, when a NTFET device was 
functionalized with only ZnTPP and treated with ConA, the transfer characteristics remained 
unchanged (Figure 3-3a). This observation indicates that the responses obtained in Figure 3-2 are 
indeed from specific interaction between glycoconjugates and lectin and not due to non-specific 
adsorption on Zn-porphyrins or SWNTs. Also we did not observe any significant change in the 
transfer characteristics of NTFET devices when incubation period was increased from 40 min to 
overnight (~18 hr) (SI, Figure-S 3-2). 
Additionally, the sensitivity of NTFET devices was investigated by plotting the G vs Vg 
for β-D-galactose glycoconjugate functionalized device (control measurements with 10 µM PA-
IIL) for varying concentration (2 nM to 10 µM) of selective lectin PA-IL (Figure 3-2d). The 
NTFET response to the lowest measured concentration (2 nM) of lectin was similar to the 
response to 10 µM of the nonspecific lectin (PA-IIL), demonstrating excellent selectivity.  The 
detection limit of NTFET devices was comparable to other techniques traditionally used for 
different lectin detection such as optical microarray (1.4 nM), electrochemical surface plasmon 
resonance (E-SPR) (41 nM), electrochemical impedance spectroscopy (5 nM), voltammetric (7 
nM) and colorimetric (64 nM).
101
 To further understand the kinetics of the glycoconjugate-lectin 
interactions, and to determine dissociation constant (Kd), 
0/ GG
Clectin

 as a function of Clectin were 
plotted (where Clectin is lectin concentration and 0/ GG is the relative change in conductance 
after lectin attachment). Figure 3-2e shows a linear relationship representing a Langmuir 
isotherm adsorption and a calculated Kd ~ 6.8 µM (from the relation:  
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101c
 This value appears to be slightly  higher than 
previously determined by titration microcalorimetry (ITC) for the interaction between PA-IL and 
the galactosylated porphyrin in solution (Kd = 133 nM).
102
 The affinity is one order of magnitude 
weaker, a difference that results likely from the fact that the ligand is free in solution in the ITC 
experiment, and adsorbed to the surface of a carbon nanotube in the NTFET device. Other 
techniques based on competing for PA-IL binding to a galactosylated surface, such as inhibition 
of hemagglutination and SPR, did not give access directly to dissociation constants, but to IC50 
values in the order of 63 µM and 1.4 µM, respectively.
102
 Again these values are in good 
agreement with the data presented here, confirming that NFTETs can be used for the quantitative 
determination of affinity constants.  
Fluorescence microscopy was utilized to further characterize the specific binding 
between glycoconjugates and lectins (experimental details in SI). Figure 3-2f shows the 
fluorescence image of α-D-mannose (left panel) and α-L-fucose (right panel) functionalized 
NTFETs devices incubated with fluorescently labeled lectin ConA-Alexa 488 which shows 
specific binding to α-D-mannose. Fluorescence signal can be clearly observed from the device 
with α-D-mannose functionalized device where as only background signal was observed from α-
L-fucose indicating specific binding between carbohydrate epitopes and lectins.  
To investigate the nonspecific binding of the protein with SWNTs, we incubated bare 
NTFET device with ConA. We found a decrease in ON conductance for the device indicating 
that lectin is nonspecifically adsorbed on to the SWNT surface (SI, Figure-S 3-3). Earlier reports 
on protein adsorption have shown that many different types of proteins adsorb spontaneously 
onto bare SWNTs from aqueous solution and result in change of transfer characteristics of 
NTFET.
93c,d
 This phenomenon was attributed to the hydrophobic interactions between proteins 
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and SWNT surface.
103
 A comparison of hydrophobicity of bare SWNTs and glycoconjugate-
functionalized SWNTs showed a change in contact angle from nearly hydrophobic (87°) to 
hydrophilic (55°) (SI, Figure-S 3-4). This observation corroborates that glycoconjugate 
functionalization serves the dual purpose of selectively detecting lectin binding as well as 
preventing the nonspecific protein binding to SWNTs. 
Finally, AFM imaging was performed to observe the surface morphology of the SWNTs 
at different stages of functionalization. An average height of around 3.4 nm was observed for 
bare SWNTs indicating that SWNTs were bundled (Figure 3-4a). After functionalization with 
glycoconjugates (α-D-mannose) the total height varied between 11 nm and 14 nm indicating an 
increase of 8-10 nm. Earlier reports on SWNT-porphyrin complexes have shown a height range 
between 2-4 nm.
104
 Based on the AFM image, we attribute the further increase in the height to 
the presence of carbohydrate moieties on the Zn-porphyrin molecules (Figure 3-4b). Later, when 
glycoconjugate functionalized SWNTs were exposed to specific binding lectin (in this case 
ConA for α-D-mannose) an increase in height of about 5-7 nm was observed (Figure 3-4c). 
Typically, ConA is observed as a tetramer in solution at pH ≥ 7 and the  molecular dimensions of 
tetramer are 60 x 70 x 70 Å (Protein DataBank, 1CN1) from X-ray diffraction studies.
105
 The 
height measurements obtained by AFM are in good agreement with the results obtained from X-
ray studies and AFM analysis.
106
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Figure 3-4. Atomic force microscope images of (a) bare SWNTs, (b) SWNT functionalized with α-D-
mannose glycoconjugate, and (c) after ConA attachment. Lectin attachment was performed in the presence of 
5 µM Ca
2+
. 
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3.5 CONCLUSIONS 
In conclusion, we have demonstrated a novel detection platform using NTFET devices for highly 
selective detection of interactions between glycoconjugates and bacterial lectins,
 
which exhibit 
specific multivalent binding to carbohydrates. The interaction between lectins and 
glycoconjugates was transduced as change in the device conductance. Noncovalent 
functionalization of the devices with glycoconjugates facilitated in preventing non-specific 
protein adsorption and highly selective lectin binding. This nano-detection platform shows 
potential to be combined with microfluidic systems and utilized in the future to identify a 
bacterium within a crude sample from a water system, soils or human specimens and aid in 
preventing disease outbreaks and preserving public health. 
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3.7 SUPPORTING INFORMATION 
FET control experiments data and contact angle measurements are presented in the supporting 
informations. 
 
Figure-S 3-1. G vs Vg data for NTFET devices functionalized (a) with α-D-mannose glycoconjugate 
and measured after incubation with 2 µM ConA lectin (PA IIL as control) and (b) with α-L-fucose 
glycoconjugate and measured after attachment with 2 µM selective PA-IIL lectin (Con A as control). Lectin 
incubations were 40 min and measurements were done in 20 mM PBS (pH 7) with 5 µM Ca
2+
. Vds = 50 mV. 
a) 
b) 
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Figure-S 3-2. (a) G vs Vg curves for bare SWNT, glycoconjugate α-D-mannose functionalized SWNT 
device measured after 2 µM ConA lectin (in PBS(pH 7) with 5 µM Ca
2+
 ) solution for 40 min (solid line) and 
18 hrs (dashed line). (b) Relative response of a total of 15 different NTFET devices incubated with lectins for 
40 min and 18 hrs. NTFET devices were functionalized with α-D-mannose, β-D-galactose and α-D-fucose 
glycoconjugates for selective detection of 2 µM PA-IL, PA-IIL and ConA lectins, respectively (in PBS (pH 7) 
with 5 µM Ca
2+). The relative response was measured at Vg = − 0.5 V. 
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Figure-S 3-3. G vs Vg curves measured for bare SWNT, and after 2 µM ConA lectin (in PBS (pH 7) 
with 5 µM Ca
2+
) attachment. 
 
 
Figure-S 3-4. Contact angle of water droplet on quartz substrate with (a) spray casted bare SWNT 
(87°) and after (b) Glycoconjugate (α-D-mannose) functionalization (55°). 
-0.6 -0.4 -0.2 0.0 0.2 0.4 0.6
0.0
2.0x10
-4
4.0x10
-4
6.0x10
-4
8.0x10
-4
1.0x10
-3
1.2x10
-3
1.4x10
-3
ConA
 Bare
SWNT
G
 (
S
)
Vg vs Ag/AgCl (V)
Control 
(ConA on SWNT w/o 
glycoconjugate )
(a) (b) 
 63 
4.0  ELECTRONIC DETECTION OF LECTINS USING CARBOHYDRATE 
FUNCTIONALIZED NANOSTRUCTURES:                                                         
GRAPHENE VERSUS CARBON NANOTUBES 
4.1 CHAPTER PREFACE 
The aim of this work was to investigate the interactions between lectins and carbohydrates using 
FET devices comprised of CCG and SWNT. Pyrene- and porphyrin-based glycoconjugates were 
functionalized noncovalently on the surface of CCG-FET and SWNT- FET devices. 
Glycoconjugate surface coverage in addition to one-dimensional structures of SWNTs resulted in 
optimal lectin detection. The material contained in this chapter was published as an article in the 
journal ACS Nano; the figures and table in this chapter have been reproduced with permission 
from ACS Nano 2012, 6, 760. Copyright 2012 American Chemical Society; the full citation is 
listed as Reference 107 in the bibliography section. 
 
List of Authors: Yanan Chen, Harindra Vedala, Gregg P. Kotchey, Aymeric Audfray, 
Samy Cecioni, Anne Imberty, Sébastien Vidal, and Alexander Star 
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4.2 INTRODUCTION 
Because of their unique physical and chemical properties, single-walled carbon nanotubes 
(SWNTs) and more recently graphene have attracted considerable interest for the development of 
biosensors.
49,86a,108
 These carbon nanostructures are both just one atom thick, and their electronic 
properties are extremely sensitive to adsorption of chemical species on their surface. They have 
been successfully configured into field-effect transistor (FET) devices, which can be used for 
ultrasensitive detection of many chemical and biological molecules including proteins.
49,108a 
 
Lectins are a class of nonimmune proteins that bind mono- and oligosaccharides 
reversibly and with high specificity.
82
 Lectins have weak interaction with carbohydrates, in the 
forms of glycoprotein, glycolipids and glycans in biological systems with dissociation constants 
(Kd) in the millimolar to micromolar range.
83a,83c,d
 These interactions are involved in various 
biological processes, including cell-cell communication, pathogen binding, tumor cell metastasis, 
and immune responses. It is important to understand and mimic carbohydrate and bacterial 
lectins interactions as the foundation of pathogen detection and prevention of bacterial 
infection.
84b,c,109
 
Although carbon nanostructures have been functionalized using both covalent and 
noncovalent methods to induce specific lectin affinity,
89b,89d,90a,91a,92 
noncovalent 
functionalization route preserves physico-chemical properties (i.e. electrical conductivity) 
required for FET device operation. Utilizing this methodology, we have recently reported the 
noncovalent functionalization of SWNTs with glycosylated porphyrins for detection of lectins 
with a SWNT-based FET device.
81
 
In this work, we further investigated carbohydrate-lectin interactions with both SWNTs 
and chemically converted graphene (CCG), towards developing carbon nanostructure-based 
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biosensors. In addition to glycosylated porphyrins, we also used pyrene-based glycoconjugates 
with both nanostructures. It should be mentioned here that among polynuclear aromatic 
compounds,
110
 pyrene derivatives are recognized as highly effective labelling agents that are 
capable of forming π-π stacking interactions with graphitic surfaces.111 To date, pyrene-SWNT 
conjugate systems have been implemented with monosaccharides
89b,92
 or glycodendrimers
89a
 for 
lectin biosensing, drug delivery or interfacing with living cells. Here we investigated SWNT-
FET and CCG-FET devices noncovalently functionalized with pyrene- and porphyrin-based 
glycoconjugates carrying -D-galactose, -D-mannose and -L-fucose for nanoelectronic 
detection of lectins PA-IL, PA-IIL and concanavalin A (ConA).  
Lectin PA-IL and PA-IIL are produced in Pseudomonas aeruginosa together with other 
secondary metabolism virulence factors under quorum-sensing control and are involved in the 
infection process as demonstrated by the murine model.
94a,112
 P. aeruginosa bacteria are involved 
in cystic fibrosis lung infections, community-infections like otitis and pneumonia, and hospital-
acquired infections.
113
 PA-IL (12 kDa) is composed of four subunits of 121 amino acids and 
binds galactose plus its derivatives. PA-IIL (11 kDa) is composed of four subunits of 114 amino 
acids and binds fucose and other related monosaccharides. ConA (purified from jack-bean, 
Canavalia ensiformis, 25 kDa) lectin is a tetrameric lectin, which binds mannose and glucose. 
These three lectins require divalent cations for sugar-binding activity. Calcium ions mediate the 
binding of PA-IL and PA-IIL to their specific sugar moiety,
114
 while calcium and manganese 
maintain the active conformation of a loop in ConA.
97 
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4.3 EXPERIMENTAL 
Materials and methods. Single-walled carbon nanotubes (SWNTs) were procured from Carbon 
Solutions Inc. Reduced graphene oxide (RGO), a.k.a. chemically converted graphene (CCG), 
was prepared as described elsewhere.
22,115
 Briefly, graphite oxide was synthesized utilizing a 
modified Hummers’ method on graphite flakes (Sigma Aldrich) that underwent a preoxidation 
step.
115b
 Graphite oxide (~ 0.125 wt%) was exfoliated to form graphene oxide via 30 minutes of 
ultrasonification followed by 30 minutes of centrifugation at 3400 revolutions per minute 
(r.p.m.) to remove unexfoliated graphite oxide (GO). Graphene oxide was then reduced to CCG 
with hydrazine hydrate (Sigma Aldrich) following the reported procedure.
22,115a
 Note that 
hydrazine is extremely flammable and toxic, and proper laboratory technique should be 
employed when handling this chemical. 
PA-IL and PA-IIL lectins were produced in recombinant form, purified on affinity 
column, extensively dialyzed and lyophylised as described previously.
116
 ConA (25 kDa) lectin 
was purchased from Sigma and was used without further purification. 
Synthesis of the pyrene-glycoconjugates 1a, 1b, 1c. The details of carbohydrates 
synthesis can be found in Ref 
81,107
. 
General procedure for 1,3-dipolar cycloaddition (Method A): The alkyne-functionalized 
pyrene derivative 4, copper iodide, DIPEA and carbohydrate azido-derivatives 5a-c in DMF 
were introduced in a Biotage Initiator 2-5 mL vial. The vial was flushed with argon and the 
solution was sonicated for 30 seconds. The vial was sealed with a septum cap and heated at 
110°C for 30 min under microwave irradiation (solvent absorption level : High). After uncapping 
the vial, the crude mixture was evaporated and then purified by flash silica gel column 
chromatography to afford the desired acetylated pyrene glycoconjugates 6a-c. 
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General procedure for deacetylation (Method B): The acetylated pyrene glycoconjugates 
6a-c were suspended in distilled MeOH, ultra-pure water and ultra-pure triethylamine (10:1:1, 
v/v/v). The mixture was stirred under argon at room temperature for 1 to 3 days. Solvents were 
evaporated off then co-evaporated with toluene. The residue was dissolved in ultra-pure water (5 
mL) and lyopholized to afford pure hydroxylated pyrene glycoconjugates 1a, 1b and 1c. 
FET measurements. Metal interdigitated devices (Au/Ti, 100 nm/30 nm) with 
interelectrode spacing of 10 µm were patterned on a Si/SiO2 substrate using conventional 
photolithography. Each chip (2 mm× 2 mm) containing six identical devices was then set into a 
40-pin ceramic dual in-line package (CERDIP), wire-bonded using Au wire, and isolated by 
epoxying the device’s inner cavity. SWNTs were deposited onto each interdigitated 
microelectrodes pattern by a.c. dielectrophoresis (DEP) method from a suspension in N,N-
dimethylformamide (DMF) (Agilent 33250A 80 MHz Function/Arbitrary Waveform Generator,  
with an applied a.c. frequency (10 MHz), bias voltage (8 Vpp), bias duration (60 s)).
81
 CCG 
devices were prepared using the same DEP technique but with different parameters (a.c. 
frequency (300 kHz), bias voltage (10 Vpp), bias duration (120 s)).
117
 
The electrical performance of each device was investigated using an electrolyte gated 
FET device configuration. The conductance of the FET device was tuned using phosphate buffer 
solution (PBS) electrolyte as a highly effective gate. Two Keithley 2400 sourcemeters were 
employed for FET measurements. A small fluid chamber (1 mL) was placed over the FET device 
to control the liquid environment using PBS at pH 7. A liquid gate potential (−0.75 V to +0.75 
V) with respect to the grounded drain electrode was applied using an Ag/AgCl (3 M KCl) 
reference electrode submerged in the gate electrolyte. The drain current of the device was 
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measured at a constant source-drain voltage (50 mV). Transfer characteristics (conductance (G) 
versus gate voltage (Vg)) were measured.  
Functionalization of the FET devices with each glycoconjugate was performed by 
incubating the chips in 20 µM of the glycoconjugates solution (in deionized water) for 2 hr 
followed by rinsing three times with double-distilled water. After testing the transfer 
characteristics, the chips were incubated for 40 min in different concentrations of lectin solutions 
that were prepared in PBS with 5 µM CaCl2 and subsequently washed three times with PBS 
solution. For each glycoconjugate functionalized device, non-specific lectins were tested first 
and subsequently washed away. The specific lectin was then added, and the final transfer 
characteristics were tested again in the configuration mentioned above.  
Modeling method. SWNT and graphene sheet were generated using Nanotube Modeler 
Software (JCrystalSoft, http://jcrystal.com). A semiconducting SWNT with length of 10 nm and 
diameter of 1.3 nm was built using the chiral indices m=14 and n=4 as described previously.
118
 A 
graphene sheet with dimension 5×10 nm
2
 was built using the chiral indices m=20 and n=0. Zinc 
tetraphenyl porphyrin (ZnTPP) was built starting from the structure of Zn-protoporphyrin IX 
complexed with cytochrome C (PDB code 1I54). Pyrene and porphyrin galactosylated 
conjugates were built using the molecular editor in Sybyl software (Tripos, Inc. St Louis), and 
structures were minimized with the Tripos force-field.
119
 Galactosylated porphyrin 2a was 
manually docked on the SWNT and sheet followed by energy minimization, while keeping the 
carbon structures fixed. Galactose linkers were adapted in order to generate distances between 
pair of galactose residues of approximately 3 nm compatible with binding to PA-IL adjacent 
sites. Final docking was performed by fitting galactose residues in proper location or the binding 
sites as previously described.
120
 A different procedure was used for the two galactosylated 
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pyrene 1a that were first docked in two adjacent protein binding sites, before stacking the pyrene 
rings on the SWNT or graphene, with final energy minimization of the linker moiety. 
Isothermal titration microcalorimetry (ITC). Recombinant lyophilized lectins were 
dissolved in buffer (0.1 M Tris-HCl, 6 M CaCl2, pH 7.5) and degassed (see the Supporting 
Information for concentration details). Protein concentration was checked by measurement of 
optical density. Ligands were dissolved directly into the same buffer, degassed, and placed in the 
injection syringe. ITC was performed with a VP-ITC microcalorimeter (MicroCal Inc.). Lectins 
were placed into the 1.4478 mL sample cell at 25°C. Each titration was performed with 10 L 
injections of ligands every 300 s. Data were fitted with MicroCal Origin 7 software according to 
standard procedures. Two or three independent titrations were performed for each ligand tested. 
4.4 RESULTS AND DISCUSSION 
Our synthesis of pyrene-based glycoconjugates (1a, 1b, 1c) and porphyrin-based 
glycoconjugates (2a, 2b, 2c)
81
 was achieved through 1,3-dipolar cycloaddition between 
alkynylated pyrene or porphyrin derivatives and azido-functionalized carbohydrates. The 
conjugation through Cu(I)-catalyzed alkyne-azide cycloaddition (CuAAC)
121 
was preferred to the 
direct carboxylic acid-amine condensation methodology, which usually requires a significant 
excess of either reagent and the use of stoichiometric amounts of coupling reagents. In contrast, 
CuAAC only requires a catalytic amount of copper iodide and consumes a small excess of 
carbohydrate derivative (1.5 equivalents). The reaction of 1-pyrenebutyric acid 3 with propargyl 
amine afforded the corresponding amide 4
122
 in nearly quantitative yield. Subsequently CuAAC 
was performed between alkyne 4 and glycosylated azides 5a-c under microwave activation
120,123
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to obtain the acetylated pyrene-functionalized carbohydrate derivatives 6a-c. The final 
deprotection step of acetyl groups was achieved by solvolysis to afford the desired hydroxylated 
pyrene glycoconjugates 1a, 1b, 1c in high yields (Scheme 4-1). The three glycoconjugates were 
fully characterized by 1D and 2D NMR and high-resolution mass spectrometry (see Supporting 
Information). This synthetic methodology has provided three glycosylated probes (-D-
galactose, -D-mannose, -L-fucose) ready to be immobilized on SWNTs or CCG for the 
detection of lectins with three different specificities (Table 4-1). The linker length was chosen on 
the basis of solubility, flexibility and commercial availability of a desymmetrized 
triethyleneglycol.  
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Scheme 4-1. Synthesis of pyrene-based glycoconjugates 1a, 1b, 1c and general structure of 
porphyrin-based glycoconjugates 2a, 2b, 2c
81
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Table 4-1. Glycoconjugates used in this study with their respective specific and control (non-specific) 
lectins 
Glycoconjugate 
Lectin 
Specific Control 
1a or 2a 
(galactose) 
PA-IL ConA 
1b or 2b 
(mannose) 
ConA PA-IL 
1c or 2c 
(fucose) 
PA-IIL PA-IL 
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Figure 4-1. (a) Optical image of wirebonded Si chip with multiple photolithography patterned Au/Ti 
electrodes. Inset shows scanning electron microscopy (SEM) image of one set of the interdigitated electrodes 
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(left, SWNT-FET; right, CCG-FET). (b) Schematic illustration of the liquid-gated FET configuration (left, 
SWNT-FET; right, CCG-FET). (c, d) Nanoelectronic detection of carbohydrate-lectin interactions: 
Conductance (G) vs gate voltage (Vg) of (c) bare SWNT-FET and (d) bare CCG-FET device device after 
functionalization with -D-galactose pyrene-based glycoconjugates (1a) and after attachment with 2 µM non-
specific (control) lectin ConA and 2 µM specific lectin PA-IL. (e) Comparison of the normalized responses 
(Vg = –0.5 V) to 2 µM control lectin and to 2 µM specific lectin for biosensors: SWNT+1a, 1b, 1c or 2a, 2b, 2c, 
CCG+1a, 1b, 1c or 2a, 2b, 2c. All measurements were performed in electrolyte-gated FET configuration in 
PBS (pH 7), Ag/AgCl reference electrode, with source-drain voltage of 50 mV. Lectin binding experiments 
were performed in the presence of 5 µM Ca
2+
. 
 
Field-effect transistor (FET) devices comprising of a CCG or SWNT network were 
fabricated by patterning interdigitated microelectrodes (source-drain spacing of 10 µm) on top of 
200 nm oxide layer on Si substrates using photolithography and e-beam evaporation of 30 nm Ti 
and 100 nm of Au (Figure 4-1a). Figure 4-1b depicts the schematic illustration of liquid-gated 
FET configuration with either SWNTs or CCG as the conducting channel. CCG was prepared as 
described elsewhere
22,115 
and was employed as conducting channel in these FETs. CCG and 
SWNTs were deposited onto the device using an a.c. dielectrophoresis (DEP) method
117
 (see 
Experimental Section). Carbon nanostructures were deposited between fingers of interdigitated 
microelectrodes, and the DEP method facilitated the alignment of SWNTs.
81
 
To selectively detect lectins, SWNT-FET and CCG-FET devices were noncovalently 
functionalized with pyrene-based glycoconjugates. The noncovalent functionalization of carbon 
nanostructures with pyrene-based glycoconjugates was performed by incubating the Si chip with 
FET devices in 20 µM solution of the glycoconjugates (in deionized water) for two hours 
followed by rinsing with deionized water three times. Upon interaction with pyrene-based 
glycoconjugates (1a-c), a decrease in the FET device conductance with a slight negative shift in 
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gate voltage was observed (Figure 4-1c and 1d).  The decrease in device conductance was 
attributed to electron donation from pyrene molecules to SWNTs or CCG conducting channels. 
The interactions were also studied by ultraviolet-visible-near infrared (UV-Vis-NIR) absorption 
spectroscopy, which indicated the attachment of glycoconjugate to the carbon nanostructures 
(Figure-S 4-1).  
After glycoconjugate functionalization, the FET devices were treated with non-specific 
lectin (control) and then with specific binding lectins (both 2 µM of lectins in PBS with 5 µM 
Ca
2+
). Calcium ions were added to mediate the binding of lectins to their specific sugar 
moiety.
97,114 
 As presented in Figure 4-1c, SWNT-FET device functionalized with pyrene-
glycoconjugate 1a was treated with 2 µM non-specific (ConA) and specific (PA-IL) lectins (in 
PBS with 5 µM Ca
2+
). Upon treatment with non-specific lectin, the transfer characteristics of the 
device remained unaffected. A decrease in device conductance was observed after treatment with 
specific lectin, which indicated selective interaction between the lectin and glycoconjugate. The 
same experiment with -D-mannose and -L-fucose pyrene-based glycoconjugate 1b and 1c also 
demonstrated a similar trend in response and selectivity (Figure-S 4-2).  
To compare the CCG- and SWNT-FET devices for lectin detection, similar experiments 
were performed on pyrene glycoconjugates 1a-c functionalized CCG-FET devices as well. 
Figure 4-1d shows the response of the 1a functionalized CCG-FET devices to various lectins. 
Compared to p-type SWNT-FET devices, CCG-FET had an ambipolar transfer characteristic and 
demonstrated different lectin responses at negative and positive gate voltages (p-type and n-type 
regions). For consistency with SWNT data, we compared the response in p-type region only. 
Upon incubation with non-specific lectin (ConA), there was a small decrease in conductance at 
the negative gate voltages, while the decrease in positive voltage region was larger.  When 
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treated with the galactose specific lectin (PA-IL), a decrease was observed primarily at the 
negative gate voltages.  Incidentally, the maximum selectivity of CCG-FET devices was 
observed at p-type region that allowed direct comparison with SWNT-FET. The same 
experiments with -D-mannose and -L-fucose pyrene-based glycoconjugates 1b and 1c showed 
similar response as the CCG/1a configuration (Figure-S 4-3). As an additional control, when 
bare CCG-FET devices were exposed to ConA, the device conductance decreased due to the 
non-specific adsorption (Figure-S 4-4). 
Figure 4-1e summaries the responses of all tested SWNT and CCG biodetectors to 
specific and non-specific lectins (1b, 1c, 2a, 2b and 2c data presented in Supporting Info). In all 
cases we plotted the responses at negative gate voltages (Vg= -0.5 V) that allowed direct 
comparison between two types of devices. For pyrene-based receptor molecules, SWNT-FET 
devices demonstrated a larger response and better selectivity for lectin detection than CCG. This 
may be attributed to the greater sensitivity to lectin adsorption on the transport properties of 1D 
SWNT than 2D CCG.
124
 We also compared the performance of SWNT-porphyrin and CCG-
porphyrin (2a, 2b, 2c) biodetectors and again SWNT-FET devices showed higher selectivity and 
response. Although glycoconjugates can have different interactions with either SWNTs or CCG, 
1D systems should be generally more sensitive to the lectin binding (Scheme 4-2). Because 
lectin molecules have a comparable size to the diameter of SWNT, even one molecule can 
effectively alter the electrical conductivity of SWNTs compared to significantly larger CCG 
flakes. 
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Scheme 4-2. Schematic illustration of lectin adsorption effects on an individual SWNT versus a single 
CCG flake. 
 
 
 
 
e- 
e- 
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Figure 4-2. Computer-aided models of (a) SWNT/1a/PA-IL interaction, (b) SWNT/2a/PA-IL 
interaction, (c) CCG/ 1a/PA-IL interaction, and (d) CCG/ 2a/PA-IL interaction. 
  
 a) b) 
c) d) 
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Since the better response of SWNTs may also be due to carbohydrate accessibility, 
computational modeling was performed to further understand the interaction between 
glycoconjugates, carbon nanomaterials, and lectins. Figure 4-2 illustrates molecular models of 
the interactions between the different carbon nanomaterials associated with galactosylated 
glycoconjugates and PA-IL lectin.  Semiconducting SWNTs were built with chiral indices m=14 
and n=4 as described previously,
118 
which resulted in nanotubes with 1.3 nm diameter. As 
displayed in Figure 4-2a and b, the diameter of the SWNT is much smaller than the size of the 
lectin.  The stacking of pyrene or porphyrin moieties of the glycoconjugates on the SWNT 
yielded galactose residues that are easily accessible for the lectins. Alternatively, stacking the 
same molecules on CCG resulted in galactose residues that were in close proximity to the carbon 
sheet and therefore less accessible for lectin binding. This is particularly true for porphyrin 
conjugates as displayed in Figure 4-2d.  Therefore, it can be concluded that the SWNT system 
provides more flexibility for the sugar moieties to interact with lectin leading to higher 
sensitivity than the CCG system. 
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Figure 4-3. Atomic force microscope (AFM) images of (a) bare SWNTs, (b) SWNT functionalized 
with 1b, (c) after incubation with PA-IL (control) and (d) after ConA attachment; (e) bare CCG, (f) CCG 
functionalized with 1b, (g) after incubation with PA-IL (control) and (h) after ConA attachment. Lectin 
attachment was performed in the presence of 5 µM Ca
2+
. 
  
 
a) 
 
e) 
b) f) 
c) g) 
d) h) 
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To obtain evidence of the attachment of glycoconjugates onto the carbon nanostructure 
surfaces and the interaction between glycoconjugates and lectins, atomic force microscopy 
(AFM) imaging was performed at different stages of functionalization. The height of bare 
SWNTs was observed to be around 3-4 nm indicating the presence of SWNT bundles (Figure 
4-3a). After functionalization with -D-mannose glycoconjugates 1b, the total height increased 
to 5-7 nm (Figure 4-3b). After incubation with the non-specific lectin PA-IL, the increase in 
height was 1-3 nm (Figure 4-3c). On the other hand, after exposing the glycoconjugate 
functionalized SWNTs to the specific binding lectin (ConA for -D-mannose), an increase in 
height of more than 10 nm was observed (Figure 4-3d). Bare CCG was observed to be 0.67±0.15 
nm in thickness (Figure 4-3e), which indicated the presence of single sheet structure. After 
functionalization with -D-mannose glycoconjugates 1b, the total height increased to 2.44±0.35 
nm (Figure 4-3f). When incubating with non-specific lectin PA-IL, the increase in height was 
merely around 1nm (Figure 4-3g). After exposing the glycoconjugate functionalized CCG to 
specific binding lectin (ConA for -D-mannose), an increase in height to 8.25±1.73 nm was 
observed (Figure 4-3h). The height measurements obtained by AFM were in good agreement 
with the literature values.
106
 Typically, ConA was observed as a tetramer in solution at pH≥7, 
and the molecular dimensions of tetramer are 60×70×70 Å (Protein DataBank, 1CN1) as 
determined from X-ray diffraction studies. It should be mentioned here that, as can be visualized 
from Figure 4-3d and h, SWNTs are covered continuously while the binding sites are scattered 
randomly on CCG surface. This indicates that SWNT system provides more adsorption sites for 
lectins, which is consistent with the computer modelling studies. Additionally, the basal plane of 
CCG could contain oxygen functional groups (i.e. epoxides and tertiary alcohols),
22
 which could 
hinder the π-π stacking of polynuclear aromatic compounds (glycoconjugates) and result in the 
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lower lectin coverage. It should be mentioned here that the attachment of glycoconjugate to the 
nanostructure surfaces can effectively prevent the nonspecific binding of lectin. For example, in 
Figure 4-3c and d, although PA-IL can adsorb nonspecificly onto the poly-l-lysine decorated 
mica surface and form agglomerates, no evidence of nonspecific binding onto the 1b-decorated 
carbon nanostructure surfaces was observed. The high coverage of lectins on SWNTs in SWNT-
FET devices was further illustrated by fluorescence microscopy.  Figure 4-4 depicts the 
fluorescence image of -D-mannose functionalized SWNT-FET device incubated with 
fluorescently labeled lectin ConA-Alexa488, which shows specific binding to -D-mannose.  
SWNTs (aligned by DEP between fingers of interdigitated electrodes) clearly exhibit high 
fluorescence indicating high coverage of ConA. Due to the fluorescence quenching effect of 
graphene,
30 
no representative image of graphene flakes was obtained using fluorescence 
microscopy. The preferential lectin binding in addition to its pronounced effect on the electrical 
conductivity (Scheme 4-2) can explain the observed larger response and better selectivity of 
SWNT-FET devices. 
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Figure 4-4. Fluorescence image of -D-mannose glycoconjugates functionalized SWNT-FET device 
incubated with fluorescently-labeled lectin ConA-Alexa488. 
 
Additionally, the sensitivity of SWNT-FET and CCG-FET devices was investigated by 
plotting the G vs Vg for -D-galactose functionalized device (control measurements with 10 µM 
ConA) for varying concentration (2 nM to 10 µM) of specific lectin PA-IL (Figure-S 4-6). The 
response of both types of devices to 10 µM specific lectin PA-IL is almost two times higher than 
the response to 10 µM non-specific lectin ConA, which demonstrates good selectivity. Figure 
4-5a, c and e depict the biosensor calibration plot derived from multi-concentration experiments 
(data from three devices) for SWNT/1a, CCG/1a and CCG/1c, respectively. The detection ability 
of the devices was also tested in the mixed sample of specific and non-specific lectins. The 
device showed similar signal compared to the pure sample of specific lectin (Figure-S 4-7).  
To further understand the kinetics of the lectin-glycoconjugate interactions and to 
determine the dissociation constant (Kd) of the interaction,  as a function of Clectin 
were plotted, where Clectin is the lectin concentration and is the relative change in 
conductance after lectin attachment (Figure 4-5).
101a,101c 
A linear relationship was obtained, 
 
10 µm 
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which indicated a Langmuir isotherm adsorption, and the 1a/PA-IL Kd was calculated for 
SWNT-FET and CCG-FET as 135 nM and 106 nM, respectively. 1c/PA-IIL Kd was calculated 
for CCG-FET as 20 nM. These Kd values were compared with the values obtained by isothermal 
titration microcalorimetry (ITC) to explore the correlation between surface and solution binding 
(Table 4-2). The titration of the galactose and fucose pyrene-based conjugate (1a and 1c) by their 
specific lectins (PA-IL and PA-IIL) followed by ITC (Figure 4-6a and b) indicated the 
occurrence of two binding events probably due to additional interaction of the pyrene aromatic 
group with a hydrophobic region on the lectins as previously evidenced for PA-IL.
125 
Data 
treatment was performed using a the two sites model (see Supporting Information), and only 
values for the carbohydrate binding sites were discussed below. 
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Figure 4-5. Biosensor calibration plot: normalized change in the device conductance (Vg = –0.5 V) 
versus PA-IL concentration of (a) SWNT-FET and (c, e) CCG-FET (data from three devices). Langmuir 
isotherm of (b) SWNT-FET data presented in panel (a), (d) for CCG-FET with their corresponding 
calculated lectin dissociation constants (Kd). (f) Langmuir isotherm of CCG/1c and PA-IIL interaction, with 
calculated lectin dissociation constant Kd. 
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Table 4-2. Comparison of Kd values obtained by FET and ITC methods  
a
 Kd value for the carbohydrate binding site 
Glycoconjugate Lectin 
FET 
ITC 
SWNT CCG 
1a/2a PA-IL 
135 nM 
/147.7 nM 
106 nM 
100 µM
a
 
/133 nM 
1c PA-IIL  20 nM 50 nM
a
 
 
 
 
Figure 4-6. Titration of (a) PA-IL (0.05 mM) by compound 1a (1.7 mM) and (b) titration of PA-IIL 
(0.05 mM) by compound 1c (0.5 mM). Top: control (injection of glycocompound in buffer), middle: titration 
of lectin, bottom: integration of peaks with a fitting curve obtained from a two site model. 
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For PA-IL interacting with the galactose pyrene-based conjugate 1a, the binding event in 
the galactose binding site had a dissociation constant of 0.1 mM, which was in agreement with 
data obtained on PA-IL/galactosides,
116a
 but is much weaker than the Kd of 106 nM and 135 nM 
obtained by FET measurement, when glycoconjugate 1a is attached to CCG or SWNT, 
respectively (Figure 4-5b and d). This result was likely due to the chelating effect that has been 
evidenced for PA-IL binding to multivalent glycoconjugates with a two to three orders of 
magnitude increase in affinity between monovalent ligands  and multivalent ones.
116a,120,126
 
Binding of PA-IL to glyconjugates on surfaces or membranes has also been demonstrated to be 
much more efficient than to monovalent compounds in solution.
127
 The data obtained from the 
ITC experment on porphyrin 2a/PA-IL were in the range of 100 nM for both the solution and 
FET experiments, in agreement with the chelating effect since compound 2a is tetravalent. 
For PA-IIL interacting with fucose pyrene-based conjugate 1c, a dissociation constant 
(Kd) of 50 nM was obtained for the fucose binding site, which was stronger than the one 
measured for methyl -L-fucoside (430 nM).128 The Kd value of 1c/PA-IIL measured by FET 
experiment in Figure 4-5f was calculated as 20 nM and was consistent with the above mentioned 
Kd value. No chelating effect has been observed for 1c/PA-IIL binding.   
ITC demonstrated that the carbohydrate moiety of the pyrene glycoconjugate is 
efficiently recognized by the corresponding lectin. The additional interaction of pyrene and the 
hydrophobic regions of the lectin occurs only in solution; therefore, this was not an issue in the 
FET experiment, where the pyrene moiety was stacked on the graphitic surface of either SWNT 
or CCG and not accessible for binding. Moreover, the Kd values obtained by ITC and FET are 
well correlated, which provided evidence of the effectiveness of carbon nanomaterial-based FET 
systems to detect carbohydrate-lectin interactions. 
a
) 
b
) 
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4.5 CONCLUSIONS 
In conclusion, we have demonstrated the detection of interactions between glycoconjugates and 
bacterial lectins using SWNT-FET and CCG-FET devices functionalized with two receptor 
molecules, namely porphyrin and pyrene-based glycoconjugates. The interactions between 
lectins and glycoconjugates were transduced as conductance changes measured by SWNT-FET 
and CCG-FET devices. SWNT-FET showed larger response and better selectivity than CCG-
FET, and we propose that this difference was the result of 1D and 2D structural difference 
between the two materials as well as more favorable lectin binding to sugar moieties attached to 
SWNT surface. Because this nano-electronic detection platform has the potential to be employed 
for the rapid identification of bacterium in samples consisting of water systems, soils, or human 
specimens, this technology upon further development may aid in preventing disease outbreaks 
and preserving public health. 
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4.7 SUPPORTING INFORMATION 
Experimental details of UV-vis-NIR spectroscopy and AFM imaging, FET experiment of CCG 
and lectin interaction, UV-vis-NIR spectroscopy, AFM and fluorescence microscopy imaging, 
FET experiments of CCG and SWNT with pyrene-glycoconjugates functionalization, titration 
experiment of CCG and SWNTs with pyrene-glycoconjugates functionalization, FET 
experiments of CCG with porphyrin-glycoconjugates functionalization, Langmuir isotherm of 
CCG FET and SWNT FET data, experimental details for treatment of ITC data, and 
characterizations of glycoconjugates 1a-c by 1D and 2D NMR and high-resolution mass 
spectrometry were included in the Supporting Information. 
Ultraviolet-visible-near infrared (UV-vis-NIR) absorption spectroscopy of carbon 
nanomaterial thin films: UV-vis-NIR absorption spectra were obtained using Perkin-Elmer 
Lambda 900 UV-vis-NIR spectrophotometer. Samples were prepared by spray-casting CCG or 
SWNT (in DMF suspension) onto quartz plate (1˝ ×1˝) at 185°C using a commercial air gun 
(Iwata, Inc.). Glycoconjugate functionalization was performed by incubating the quartz plate in 
20 µM glycoconjugate in DI water solution for 2 hr at room temperature. Interaction with 
specific lectin was performed by incubating the quartz plate with 2 µM lectin solution (in PBS 
with 5 µM CaCl2) and subsequent washing with PBS solution and drying in ambient for 45 min.  
AFM imaging: Atomic force microscope (AFM) images were obtained using scanning 
probe microscope (Veeco Nanoscope II) in a tapping mode configuration. Samples were 
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prepared by spin-coating bare SWNTs onto a poly-L-lysine treated freshly cleaved sheet of mica 
substrate. The bare SWNTs and CCG images were taken after 45 min of drying in ambient. 
Glycoconjugate functionalization was performed by incubating the SWNTs or CCG deposited 
mica substrate with 20 µM glycoconjugate in DI water solution for 2 hr at room temperature. 
Images of functionalized SWNTs and CCG were taken after washing the substrate with DI water 
and drying in ambient for 45 min. Interaction with specific lectin was investigated by incubating 
the treated substrate with 2 µM lectin solution (in PBS with 5 µM CaCl2) and subsequent 
washing with PBS solution and drying in ambient for 45 min.  
Fluorescence microscope imaging: Fluorescence microscopy was performed using 
Olympus (BX 63). Lectins, Canavalia ensiformis agglutinin (ConA) conjugated with Alexa 
Fluor 488 (ConA-Alexa488), were obtained from Invitrogen. In a typical experiment, a 1 mL 
solution of lectin-Alexa488 conjugates (300 μg / mL) in PBS buffer containing 5 μM Ca2+ was 
added to the suspensions of glycoconjugate coated SWNT-FET devices. The reactions were 
incubated for 40 min at room temperature in the dark. 
Experimental details for isothermal titration microcalorimetry treatment of data: 
For the interaction between compound 1a and PA-IL, fitting the data with the two sites model 
was performed while fixing one stoichiometry value to 1.0 (corresponding to known galactose 
binding site). In this case, the binding event in the galactose binding site has a dissociation 
constant of 0.1 mM, which was in agreement with data obtained on PA-IL/galactosides. The 
other binding event displayed a stoichiometry close to 1.5 with dissociation constant of 10 µM 
thereby indicating the strong affinity of PA-IL for the pyrene group. Aggregation occurred at the 
end of the titration, confirming that the ligand has two binding epitopes and is therefore able to 
cluster the tetrameric lectin.  
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For the interaction between compound 1c and PA-IIL, the stoichiometry of the first 
binding event between the fucose residue and the fucose-binding pocket of PA-IIL was set to 
0.95. A dissociation constant (Kd) of 50 nM is obtained. The dissociation constant for the 
secondary binding site that was related to the interaction of pyrene with PA-IIL was then 
evaluated to 50 µM with a stoichiometry of 0.2 (i.e. one pyrene moiety per PA-IIL tetramer). 
Aggregation of the protein was clearly observed at the end of the titration experiment, which 
indicates that the monovalent carbohydrate ligand 1c interacts with a lectin that possesses two 
distinct moieties (i.e. fucose and pyrene groups). 
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Figure-S 4-1. (a) UV-vis-NIR spectra of bare SWNT (black), SWNT functionalized with 1b (red) and after 
interaction with ConA (blue). (b) UV-vis-NIR spectra of bare CCG (black), CCG functionalized with 1b (red) 
and after interaction with ConA (blue). 
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Figure-S 4-2. Nanoelectronic detection of carbohydrate-lectin interactions: Conductance (G) vs gate 
voltage (Vg) of bare SWNT-FET device, after functionalization with (a) α-D-mannose (1b) and (b) α-L-fucose 
(1c) pyrene-based glycoconjugates and after attachment with 2 µM control lectin and 2 µM specific lectin (in 
the presence of 5 µM Ca
2+
). 
 
Figure-S 4-3. Nanoelectronic detection of carbohydrate-lectin interactions: Conductance (G) vs gate 
voltage (Vg) of bare CCG-FET device, after functionalization with (a) α-D-mannose (1b) and (b) α-L-fucose 
(1c) pyrene-based glycoconjugates and after attachment with 2 µM non-specific (control) lectin and 2 µM 
specific lectin (in the presence of 5 µM Ca 
2+
). 
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Figure-S 4-4. Control experiment: (G) vs gate voltage (Vg) of bare CCG FET device, after exposure 
to 2 µM control lectin ConA (in the presence of 5 µM Ca
2+
). 
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Figure-S 4-5. Nanoelectronic detection of carbohydrate-lectin interactions: Conductance (G) vs gate 
voltage (Vg) of bare CCG FET device, after functionalization with (a) β-D-galactose (2a), (b) α-D-mannose 
(2b), and (c) α-L-fucose (2c) porphyrin-based glycoconjugates and after attachment with 2 µM non-specific 
(control) lectin and 2 µM specific lectin (in the presence of 5 µM Ca
2+
). 
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Figure-S 4-6. (a) Same experiment as in Figure 2c with 10 µM ConA as control and varying 
concentration of the specific lectin (PA-IL) (2 nM-10 µM). (b) Same experiment as in Figure 2c with 10 µM 
ConA as control and varying concentration of the specific lectin (PA-IL) (2 nM-10 µM). 
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Figure-S 4-7. Nanoelectronic detection of carbohydrate-lectin interactions: Conductance (G) vs gate 
voltage (Vg) of bare NTFET device, after functionalization with β-D-galactose prophyrin-based 
glycoconjugate and after incubation with a mixture solution of 2 µM of PA-IL (specific) and 2 µM of ConA 
(non-specific) (in the presence of 5 µM Ca
2+
). Inset shows the comparison between the normalized responses 
to a pure sample of specific lectin and a mixed sample of specific and non-specific lectins. 
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5.0  CARBON NANOMATERIALS FOR BACTERIA DETECTION 
5.1 CHAPTER PREFACE 
The aim of this work was to fabricate a bacteria detector using carbon nanomaterials. 
Antimicrobial peptides were used to functionalize FET devices based on holey reduced graphene 
oxide (hRGO) and oxidized-SWNTs. These devices exhibited electrical responses to specific 
bacterial cells. Antimicrobial peptide Magainin Ι was used in this work as a broad-spectrum 
probe for gram-negative bacteria, with relatively higher specificity towards E.coli O157:H7. The 
results presented here are still preliminary and more characterizations and some control 
experiments are still in progress. The results presented in this chapter will be submitted for 
publication in the near future.  
 
List of Authors: Yanan Chen, Gregg P. Kotchey, and Alexander Star 
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5.2 INTRODUCTION 
Over 70% of the reported foodborne illnesses and food-related deaths in the United States are 
associated with Escherichia coli and Salmonella.
129
 The current methods for detection of these 
bacteria mainly include enzyme-linked immunosorbent assay (ELISA) and polymerase chain 
reaction (PCR).
130
 ELISA utilizes the specificity of antibody-antigen interaction; however, 
antibodies lack the stability for long-term detection. The sensitivity of PCR is extremely high, 
but it requires the extraction of nucleic acid and is demanding to operate. Researchers are still 
exploring for a simple-to-use and reliable pathogen detector.  
Antimicrobial peptides (AMPs) are part of the host’s innate immune system in many 
organisms and they are considered to serve as the first line of defense against microbial 
invasion.
131
 AMPs recognize target pathogens by interacting with surface components of the 
cells.
129
 The exact mechanism for their antimicrobial activities is still not determined yet.
132
 The 
microbicidal or microbiostatic activity is generally postulated to occur via membrane 
disruption.
129
 The binding of AMPs to cell surfaces is reported to be semi-selective. Usually one 
AMP can bind to multiple microbial species and thus considered a broad-spectrum bacterial 
probe. The reported examples using AMP for pathogen detection include impedance sensor
130
 
and fluorescence assays.
129,131
 The AMP used in this study, Magainin I 
(GIGKFLHSAGKFGKAFVGEIMKS), binds most selectively to E.coli O157:H7, but also show 
bioactivity towards other gram-negative bacteria, which comprised the majority of pathogenic 
infections. 
190
  
SWNTs and graphene, because of their nanometer-scale sizes and unique electronic 
properties, are considered to be ideal materials for biosensing application. SWNTs have been 
reported to be functionalized with antibodies and used in FET biosensors for fast detection of 
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Salmonella Infantis.
133
 An electrochemical sensor using SWNT-aptamer composite for bacteria 
detection was reported to exhibit ultra-low detection limit.
134
 Graphene FETs were decorated 
with antibody or AMP for the electronic detection of E. coli.
135
 Recently, our group explored the 
synthesis and applications of a new graphene derivative, holey reduced graphene oxide (hRGO). 
hRGO can be visualized as interconnected graphene nanoribbons; this material exhibited p-type 
semiconducting behavior and was demonstrated to be sensitive to H2 gas upon decoration with Pt 
nanoparticles.
52
 hRGO also has abundant oxygen-containing groups on the surface (especially on 
the edges of the holes), which allow further chemical functionalization with various detection 
probes.  
Here we utilize the unique electronic property of hRGO, as well as the abundant chemical 
groups on hRGO surfaces, to fabricate a detection platform for bacterial cells. Commercial 
samples of oxidized SWNTs were also functionalized with AMPs for detection of bacterial cells; 
however, they didn’t exhibit satisfactory response towards the bacteria cells. The data reported 
here are preliminary data, and more experiments are in progress in this project, including control 
experiments to prove the attachment of peptide moieties to hRGO and tests with live bacteria (in 
collaboration with another lab).  
5.3 EXPERIMENTAL 
Materials.  Antimicrobial peptide Magainin Ι was procured from AnaSpec. The stock solution of 
AMP was prepared by dispersing the lyophilized product in phosphate buffer saline (PBS) 
(Fisher Scientific). Heat-killed bacteria cells of E. coli O157:H7, Salmonella typhimurium, and 
Listeria were obtained from KPL. The heat-killed bacterial cells were rehydrated in 50% 
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glycerol and diluted by PBS, according to the manufacturer recommendations. P3-SWNTs were 
procured from Carbon Solution, Inc.  This material was purified from as prepared AP-SWNT 
with nitric acid and left in highly functionalized form. This material contains 1.0-3.0 atomic% 
carboxylic acid groups which can be derivatitized with a variety of functional groups 
(specifications were provided by the manufacturer).  
Holey reduced graphene oxide (hRGO) was prepared following the published 
procedure.
22
 Briefly, a sample of graphene oxide was subjected to 8 days of HRP/H2O2 oxidation 
in PBS to produce holey graphene oxide. A mixture containing 5.0 mL of 0.125 wt% holey 
graphene oxide, 4.8 mL of double distilled water, 200 µL of hydrazine hydrate (50 wt%) and 35 
µL of  NH4OH (28 wt%) was stirred for 5 min and heated at 95 °C for 1 h. The suspension 
containing hRGO was subsequently dialyzed against distilled water with 0.5% NH4OH to 
remove hydrazine.  
FET Measurements.  Metal interdigitated devices (Au/Ti, 100 nm/30 nm) with an 
interelectrode spacing of 10 µm were patterned on Si/SiO2 substrate using photolithography. 
hRGO was deposited onto each interdigitated microelectrode pattern by ac dielectrophoresis 
(DEP) method from a suspension in water (Angilent 33250A waveform generator, with an 
applied ac frequency (300 kHz), bias voltage (10 Vpp), bias duration (60 s)). P3-SWNT was 
deposited onto the device by DEP method from a suspension in DMF (Angilent 33250A 
waveform generator, with an applied ac frequency (10 MHz), bias voltage (8 Vpp), bias duration 
(30 s)).  
The electrical performance of each device was investigated using an electrolyte-gated 
FET device configuration. PBS was used as electrolyte and was placed in a small fluid chamber 
over the FET device.  Two Keithley 2400 source meters were used for FET measurements. An 
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Ag/AgCl (3 M KCl) reference electrode was used to apply liquid gate potential (-0.75 V to +0.75 
V, with respect to the grounded drain electrode). The source-drain current was measured at a 
constant source-drain voltage (50 mV). Transfer characteristics of each device were measured 
(conductance (G) versus gate voltage (Vg)).  
The transfer characteristics of bare FETs were first measured before further 
functionalization. AMP functionalization was performed by covalent method. The oxygen-
containing functional groups on the deposited hRGO or P3-SWNTs were first activated using a 
solution of 100 nmol of EDC and 25 nmol of NHS in a 50 mM MES buffer (pH 5.5) for 30 
minutes.
134
 The transfer characteristics of FETs were measured at this point to monitor the 
change due to AMP functionalization. The FET devices were then soaked overnight with 1 mL 
of 2 µM AMP solution in PBS (pH 7) overnite. After the overnight incubation with AMP 
solution, the devices were thoroughly washed with PBS to remove any loosely bond AMPs and 
their transfer characteristics were measured. Tween 20 (0.1%) in PBS solution was used as 
blocking buffer to prevent non-specific binding. The bacterial cells solutions were prepared 
according to the dilution guide provided by the manufacturer. After testing the devices, the 
devices were incubated with bacterial cell solutions for 1 hr before testing.  
Imaging. Scanning electron microscopy (SEM) of the devices was performed on a 
Philips XL30 FEG microscope at an accelerating voltage of 10 keV to monitor the attachment of 
bacterial cells to the device surfaces.  Atomic force microscope (AFM) images were obtained 
using scanning probe microscope (Veeco Nanoscope II) in a tapping mode configuration. hRGO 
was spin-coated onto a poly-L-lysine treated freshly cleaved sheet of mica substrate. The image 
of bare hRGO was taken after 45 min of drying in ambient. AMP functionalization and E.coli 
O157:H7 incubation was done following the same procedure as in FET functionalization. After 
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bacterial cells incubation, the mica surface was washed three times with PBS and allowed to dry 
under ambient for 45 min before the image was taken.  
5.4 RESULTS AND DISCUSSION 
Figure 5-1 shows schematic illustration of the AMP functionalized hRGO FET for bacteria 
detection. Briefly, hRGO was deposited between the interdigitated electrodes on each device 
using DEP method. AMP Magainin I was attached to the hRGO through covalent 
functionalization (see experimental section).  Maigainin Ι is known to exhibit specificity toward 
gram-negative bacterial cells.  
 
 
Figure 5-1. Schematic illustration of AMP functionalized hRGO-FET for selective detection of 
bacterial cells.  
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The transfer characteristics of bare hRGO FET were first measured. In the measurement, 
source-drain conductance was plotted as a function of applied gate voltage in the range of -0.75 
V to +0.75 V. As reported previously,
22,52
 hRGO exhibited p-type semiconducting behavior. In 
our devices, they showed slightly ambipolar characteristics (Figure 5-2, a). It was observed that 
the response mainly occurred in the p-type region (negative gate voltage region). The p-type 
behavior of hRGO can be attributed mainly to the presence of holes in the basal plane, which 
resulted in a highly interconnected network of graphene nanoribbons.
52
  
After covalent attachment of AMP, a decrease in the FET device conductance and a 
slight negative shift in gate voltages were observed primarily at the negative gate voltages, 
indicating the functionalization with AMP (Figure 5-2, a and b, red). After incubating with 
blocking buffer (0.1% Tween 20), there was a further decrease in the p-type region (Figure 5-2, a 
and b, blue). This decrease indicated that the nonspecific binding spots were blocked by the 
buffer. Upon exposure to solutions with specific bacterial cells (10
7 
cfu/mL bacterial cells 
solutions in PBS), the devices showed a large response in the p-type region. It is proposed that 
this response is due to the specific interaction between the attached AMP and the bacterial cells 
in solution. Presumably, the interaction induced electron transfer which decreased the 
conductivity of the hRGO material by depleting the main carriers (holes) and caused the change 
in the device conductance.  
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Figure 5-2. Electronic detection of bacteria-AMP interactions. Conductance (G) vs gate voltage (Vg) 
of bare hRGO FET device, after functionalization with AMP, after incubation with blocking buffer and after 
incubation with (a) 10
7
 cfu/mL E. coli O157:H7 and (b) 10
7
 cfu/mL Salmonella typhimurium. 
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As a control experiment, we also tested the functionalized devices with nonspecific 
bacterial cells. It can be seen from Figure 5-3a that after incubation with nonspecific bacterial 
cells (Listeria), the transfer characteristic changed very slightly, indicating little or no binding 
between AMP and the bacterial cells. Listeria bacterial cells are gram-positive, thus showed no 
specific interaction with AMP Magainin I.  We also tested a common biological interference, 
bovine serum albumin (BSA), to see if there is any non-specific binding that may affect the 
detection. The device showed very little response to BSA (Figure 5-3b).  
Figure 5-4 summarizes the responses of all tested devices. We plotted the responses at 
negative gate voltages (Vg=-0.5V) since the maximum responses occurred in the negative gate 
voltage region. The response of each sample was averaged from four devices. It can be seen from 
the summary that the devices exhibited very small responses to the negative control samples, 
showing good selectivity. For specific samples, the response to E.coli O157:H7 was larger than 
the response to Listeria. This may be the result of the difference in the surface properties of the 
two bacterial cells and is consistent with previous report. 
129
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Figure 5-3. Control experiment with nonspecific bacteria. Conductance (G) vs gate voltage (Vg) of 
bare hRGO FET device, after functionalization with AMP, after incubation with blocking buffer and after 
incubation with (a) 10
7
 cfu/mL Listeria, (b) 5 µM BSA.  
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Figure 5-4. Comparison of the normalized responses (Vg=-0.5V) of Magaini I functionalized hRGO 
FET devices to controls: 10
7
 cfu/mL of Listeria and 5 µM BSA; and specifics: 10
7
 cfu/mL of E.coli O157:H7 
and Salmonella.  
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Additional control experiments included (1) incubation of bare hRGO with blocking 
buffer, followed by the exposure to 10
7
 cfu/mL E.coli O157:H7 (Figure 5-5a), (2) incubation of 
hRGO devices with AMP solution without EDC/NHS activation, then incubation with blocking 
buffer and finally exposure to 10
7
 cfu/mL E.coli O157:H7 (Figure 5-5b). The results were 
summarized in Figure 5-6. From the summarized results, it can be observed that the hRGO 
devices functionalized covalently with AMP showed much larger response to E.coli O157:H7. 
These results prove the covalent attachment of AMP to the hRGO device surface. 
To visualize the attachment of bacterial cells to the surfaces of the devices, SEM was 
performed on the FET device used in Figure 5-2a. To increase contrast of the SEM images, a Pd 
sputter was applied to the surface of the device before the image was taken. It can be observed in 
the SEM image (Figure 5-7a) that rod-like E.coli O157:H7 cells were attached to the surfaces of 
the devices. This provided a visual proof that the bacterial cells were actually attached to the 
functionalized hRGO surface, in addition to the measured FET device response. AFM image was 
also taken showing the attachment of E.coli O157:H7 cells to AMP functionalized hRGO surface 
(Figure 5-7b). 
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Figure 5-5. Electronic detection, control experiments. Conductance (G) vs gate voltage (Vg) of bare 
rHGO FET device, (a) after incubation with blocking buffer and after attachment with 10
7
 cfu/mL E. coli 
O157:H7 , (b) after incubation with AMP without the carboxylic group activation step, after incubation with 
blocking buffer and after incubation with 10
7
 cfu/mL E. coli O157:H7. 
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Figure 5-6. Comparison of the normalized responses (Vg=-0.5V) of hRGO FET devices to controls: 
10
7
 cfu/mL of E.coli O157:H7: Bare hRGO FET without AMP functionalization step, hRGO FET incubated 
with AMP solution overnite without EDC/NHS activation step, hRGO FET functionalized with AMP with 
EDC/NHS activation. 
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Figure 5-7. (a) SEM image of the functionalized device surface after incubation with E. coli O157:H7. 
(b) AFM image showing the attachment of bacteria to hRGO surface.  
 
a) 
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Other than hRGO, P3-SWNTs were also tested for the fabrication of bacteria detectors. 
P3-SWNTs were procured from Carbon Solutions, Inc. According to the manufacturer, this 
material contains 1.0-3.0 atomic% carboxylic groups. Similar AMP functionalization was done 
to the P3-SWNT FET devices. Figure 5-8a showed the electrical detection of E. coli O157:H7 
using an AMP functionalized P3-SWNT FET device. P3-SWNT FET devices showed p-type 
semiconducting property. After EDC/NHS activation and AMP incubation, the conductance 
decreased indicating the attachment of AMP to SWNTs surfaces. Blocking buffer incubation 
induced further decrease in conductance. After incubation with E. coli O157:H7, there is a 
decrease in conductance again as the response to the bacterial cells. However, when compared 
with hRGO FET devices, the responses from P3-SWNT FET devices were much lower (Figure 
5-8b). The reason for the lower response of P3-SWNT FET devices is not clear yet and it is 
possible that the carboxylic group abundance on P3-SWNTs is not sufficient to achieve high 
AMP coverage required for bacteria binding.   
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Figure 5-8. (a) Conductance (G) vs gate voltage (Vg) of bare P3-SWNT FET device, after incubation 
with blocking buffer and after incubation with 10
7
 cfu/mL E. coli O157:H7, (b) comparison of the normalized 
responses (Vg=-0.5V) of Magaini I functionalized hRGO FET devices and P3-SWNT FET to specific bacteria: 
10
7
 cfu/mL of E.coli O157:H7.  
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5.5 CONCLUSIONS 
In conclusion, we have demonstrated the detection of gram-negative bacterial cells using hRGO 
FET and P3-SWNT FET devices functionalized with antimicrobial peptides. The interactions 
between AMP and gram-negative bacteria were transduced into conductance changes in the FET 
devices. The preliminary data presented here indicated that hRGO FETs had better response than 
P3-SWNT FETs. More experiments will be done to directly confirm the attachment of AMP to 
hRGO and P3-SWNT surfaces. Oxidized P2-SWNT with a higher oxidation level will also be 
used to fabricate devices, as a comparison with commercially available P3-SWNTs.  
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6.0  SUMMARY AND FUTURE WORK 
Chapters 2-5 presented the research projects I have completed while pursuing Ph. D. degree in 
Department of Chemistry at the University of Pittsburgh. The projects include studies using 
carbon nanomaterials for biosensing. I first started by using resistor sensors based on single-
walled carbon nanotubes (SWNTs) for the detection of small molecules (hydrogen peroxide). 
After that, a more complex system involving carbohydrate and lectin molecules was explored 
with SWNT-based field-effect transistor (FET) devices. Furthermore, we compared SWNT and 
graphene nanostructures as noncovalently functionalized platform for lectin detection and found 
that SWNT-FETs exhibited better sensor performance. This study provided some guidelines for 
researchers who want to find a suitable carbon nanomaterial for sensing applications. Other than 
noncovalent approaches for carbon nanomaterial functionalization, we covalently functionalized 
SWNTs and a new graphene derivative, holey reduced graphene oxide (hRGO), and used them 
for the fabrication of a pathogen detector. These results will guide other researchers in the future 
development of biosensors based on carbon nanostructures.  
For future works, I hope a bacteria detector using SWNT-glycoconjugate system can be 
built based on the data presented in Chapter 3 and 4. An optimized detector can be incorporated 
into a microfluidics system for real-time bacteria detection. hRGO is also a promising material 
for biosensing and I hope more work can be done based on my results in Chapter 5. Hole sizes in 
 117 
the hRGO material can be tuned to increased the sensing performance. Different antimicrobial 
peptides can be used to fabricate a sensor array for broad-spectrum bacteria detection and alert.  
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